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DEVELOPMENT OF A SOLID ELECTROLYTE CARBON D I O X I D E  
AND WATER REDUCTION SYSTEM FOR OXYGEN RECOVERY 
L. E l ikan ,  J.  P.  Morris,  and C .  K .  Wu 
Westinghouse Research Laboratories 
P i t t sburgh ,   Pennsylvania  15235 
1. INTRODUCTION AND SUMMARY 
S o l i d  e l e c t r o l y t e  e l e c t r o l y s i s  of me tabo l i ca l ly  formed carbon 
dioxide and water is  one of  the more promis ing  processes  for  rec la iming  
oxygen i n  a r e g e n e r a t i v e  l i f e  s u p p o r t  s y s t e m .  The carbon  d ioxide  and 
water a re  b roken  down i n t o  oxygen, hydrogen, and carbon and a l l  of t h e  
oxygen is  recovered.  
Although two o t h e r  oxygen r egene ra t ion  p rocesses ,  t he  Saba t i e r  
wi th  methane  dump/water  e lec t ro lys i s  and  Bosch/water  e lec t ro lys i s ,  have  
received more ex tens ive  deve lopment  and  tes t ing  than  the  so l id  e lec t ro-  
l y t e  sys t em,  a r ecen t  t r adeof f  s tudy  of  advanced i n t e g r a t e d  l i f e  suppor t  
sys tems,   the  AILSS (Reference 1) s t u d y ,  s e l e c t e d  t h e  s o l i d  e l e c t r o l y t e  
s y s t e m  as t h e  most promising for a non-resupply mission of 500 days 
du ra t ion .  The p r o j e c t e d   d a t e   f o r   t h e   m i s s i o n  w a s  1976 t o  1980. Fac tors  
l e a d i n g  t o  t h e  s e l e c t i o n  of t h e  s o l i d  e l e c t r o l y t e  s y s t e m  i n c l u d e d  i t s  
f l e x i b i l i t y  i n  b e i n g  a b l e  t o  h a n d l e  m i x t u r e s  o f  CO and wa te r  i n  any  
r a t i o ,  ease of con t ro l ,  absence  of  need for  gas- l iqu id  separa t ion ,  absence  
f o r  need of a separate water e l e c t r o l y s i s  u n i t ,  and  fewer  in te r faces .  
2 
1.1 Concept  Description 
The approach t o  oxygen regenerat ion being developed by Westing- 
house i s  shown s c h e m a t i c a l l y  i n  F i g .  1. The  diagram  includes all major 
components  except  the  furnaces  for  hea t ing  the  e lec t ro lys i s  un i t  and  
ca rbon  depos i t i on  r eac to r  and t h e  vacuum pump for hydrogen removal.  
Fig. 1 - Schematic  diagram of breadboard  regeneration  system 
- 2- 
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Oxygen and hydrogen are g e n e r a t e d  i n  the e l e c t r o l y s i s  s t e p  by 
the  fo l lowing  r eac t ions :  
co2 + co f 1 / 2  o2 (1) 
H 2 0  + H2 + 1 / 2  O2 (2)  
The CO and H2 form on the c a t h o d e  s i d e  of t h e  ceramic e l e c t r o l y t e  and 
t h e  0 forms on the   anode   s ide .   Transfer   o f   oxygen   th rough  the   c rys ta l  
l a t t i ce  of  the (Zr02)0.9 (Y203)o.1 e l e c t r o l y t e  o c c u r s  by mig ra t ion  of 
oxygen ions  (O=) . 
2 
Carbon is produced i n  a c a t a l y t i c  r e a c t o r  f r o m  t h e  C O  formed 
i n  r e a c t i o n  ( 1 )  : 
2 CO + C 0 2  + C ( s o l i d )   ( 3 )  
The carbon dioxide produced by Equation (3) is r e c y c l e d  t o  t h e  
e l e c t r o l y z e r  w h e r e  i t  is a l so  conve r t ed  t o  CO and  oxygen.  Thus,  the 
only products  f rom the system are oxygen, hydrogen which is  d iscarded  
t o  s p a c e  ( u n l e s s  d e s i r e d  f o r  u s e  on board) ,   and  sol id   carbon.  The 
carbon i s  c o l l e c t e d  i n  t h e  c a r b o n  d e p o s i t i o n  r e a c t o r  a n d  c a n  b e  s t o r e d  
i n  t h e  f o o d  s t o r a g e  area as the food supply i s  consumed. 
The o p e r a t i n g  p r i n c i p l e s  o f  t h e  s o l i d  e l e c t r o l y t e  e l e c t r o l y s i s  
u n i t  and system thermodynamics have been reviewed i n  p r e v i o u s l y  i s s u e d  
r e p o r t s  by Elikan, Archer,  and Zahradnik (Reference 2)  and  by  Elikan  and 
Morris (Reference 3) . 
1.2 Previous Work on Development of Solid Electrolyte Oxygen Regenerat ion 
Sys tems 
Chandler and his co-workers (References 4 , 5 , 6 )  began  work  on 
d e v e l o p i n g  s o l i d  e l e c t r o l y t e  s y s t e m s  f o r  a e r o s p a c e  oxygen r egene ra t ion  
i n  t h e  e a r l y  1 9 6 0 ' s .  They  succeeded i n  b u i l d i n g  and o p e r a t i n g  a number 
of small s c a l e  s y s t e m s ,  i n c l u d i n g  an engineering model which produced 
150  cc/min of oxygen.  However, s h o r t  l i f e  o f  t h e  e l e c t r o l y s i s  u n i t  and 
l o s s  of c a t a l y s t  a c t i v i t y  a f t e r  1 3 7  h o u r s  of ope ra t ion  made i t  c l e a r  t h a t  
fur ther  development  was necessary .  
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Weissba r t  and  Smar t  have  s tud ied  a l t e rna te  e l ec t ro ly t e  materials 
(Reference 7) , and  more recent ly  (References  8,9) have pursued the develop- 
m e n t  o f  a n  a l t e r n a t e  s o l i d  e l e c t r o l y t e  c e l l  geometry based on the use of 
f l a t  d i s c s .  
Under a p r i o r  c o n t r a c t  w i t h  NASA Langley, Westinghouse demon- 
s t r a t e d  t h a t  t h e  two major  components  of  so l id  e lec t ro ly te  sys tem could  
b e  d e s i g n e d  a n d  b u i l t  t o  a c h i e v e  l o n g  l i f e  and high performance (Reference 3) .  
M u l t i - c e l l e d  s t a c k s  o f  s o l i d  e l e c t r o l y t e  cells ,  o p e r a t i n g  a t  a c u r r e n t  
dens i ty  o f  200 mA/cm' and a t o t a l  c u r r e n t  o f  2 amps,  achieved operat ing 
l i ves   exceed ing   100   days .  Also ,  a cont inuous   carbon  depos i t ion   reac tor ,  
u t i l i z i n g  t h e  r e a c t o r  wal l  i t s e l f  as a c a t a l y s t ,  was opera ted  cont inuous ly  
for  100  days .  
Once l o n g  l i f e  w a s  demonst ra ted  for  the  major  components ,  the  
n e x t  l o g i c a l  s t e p  was the assembly of  an integrated bench scale system 
t o  assess the  p rob lems  o f  componen t  i n t e rac t ion ,  p rocess  con t ro l ,  ove ra l l  
r e l i a b i l i t y ,  a n d  m a i n t a i n a b i l i t y .  
1 . 3  Program  Outline 
The p r imary  ob jec t ive  o f  t he  p rogram desc r ibed  in  th i s  r epor t  
w a s  the design,  construct ion,  and operat ion of  a closed-loop breadboard 
sys t em tha t  would  produce 1 2 5  cc/minute  (approximately 1/4-man)  of 
oxygen from a mixed feed  conta in ing  approximate ly  2 / 3  carbon dioxide and 
1 i3  water. The o r i g i n a l  g o a l  o f  100 days  of   cont inuous  operat ion w a s  
r e a d i l y  a c h i e v e d  and w a s  extended to  180 days.  
1.3.1 Component Development 
P r i o r  t o  t h e  a c t u a l  d e s i g n  and cons t ruc t ion  o f  t he  b readboard ,  
fur ther  development  of  the individual  system components  was c a r r i e d  o u t .  
Th i s  work  began i n  March,  1969,  and w a s  completed (except €or some l i f e  
tests which refused to  qui t )  in  March,  1970.  
D e t e r i o r a t i o n  a t  t h e  o x y g e n  e l e c t r o d e - j o i n t  i n t e r f a c e  w a s  t h e  
p r i n c i p a l  c a u s e  o f  f a i l u r e  of t h e  e l e c t r o l y s i s  s t a c k s  t e s t e d  u n d e r  t h e  p r e v i o u s  
cont rac t   (Reference  3 ) .  A program t o  i m p r o v e  f a b r i c a t i o n  p r o c e d u r e s  f o r  
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m u l t i - c e l l e d  s t a c k s  r e s u l t e d  i n  the development of a new e l e c t r o d e  f a b r i -  
c a t i o n  t e c h n i q u e  and a method f o r  m a i n t a i n i n g  c l o s e r  t o l e r a n c e s  o n  dimen- 
s ions   o f  ceramic p a r t s  which r e d u c e d  j o i n t  r e s i s t a n c e .  As a r e s u l t ,  anode 
d e t e r i o r a t i o n  w a s  e l imina ted  as a cuase of f a i l u r e .  The procedures  for  
f a b r i c a t i n g  t h e  e l e c t r o d e s  and assembling the s tacks are d e s c r i b e d  i n  
Appendixes A and B. 
Operat ing a c l o s e d - l o o p  p r o c e s s  r e q u i r e s  t h a t  t h e  e l e c t r o l y z e r  
be  capable  of  accept ing  a feed which contains  recycle  f rom the carbon 
depos i t i on  r eac to r .  Th i s  f eed  w i l l  conta in  an  apprec iab le  percentage  of  
carbon monoxide ,  s ince  equi l ibr ium cons idera t ions  prevent  the complete 
conversion  of CO t o  C 0 2  by  Equation ( 3 ) .  Also, i t  is d e s i r e d  t o  p r o d u c e  
a p roduc t  s t r eam f rom the  e l ec t ro lyze r  as r i c h  i n  CO as p o s s i b l e ,  s i n c e  
t h i s  w i l l  min imize  the  s ize  of the  carbon depos i t ion  reac tor  and/or  the  
amount  of r e c y c l e   r e q u i r e d .   E x t e n s i v e   t e s t i n g  w a s ,  t h e r e f o r e ,   c a r r i e d   o u t  
t o  de t e rmine  the  ex ten t  t o  wh ich  the  deg ree  of decomposition(a) of co2 
and H 2 0  t o  CO and H a f f e c t e d  t h e  l i f e  of t h e   e l e c t r o l y s i s   s t a c k s .   T h i s  
s tudy  de f ined  the  p rac t i ca l  r ange  ove r  wh ich  the  ope ra t ing  va r i ab le s  
(degree of decomposition and cur ren t  dens i ty)  could  be  var ied  wi thout  
reducing c e l l  l i f e .  The tests are d e s c r i b e d   i n  Appendix C.  
2 
Other  deve lopmenta l  e f for t s  were concentrated on:  
1. Improving   the   per formance   of   the   carbon  depos i t ion   reac tor  by 
i n c r e a s i n g   r e a c t i v i t y  and decreasing  iron  consumption.  (See 
Appendix D . )  
2. Character iz ing  the  performance  and  devis ing a c o n t r o l  method 
fo r   pa l l ad ium membranes.  (See  Appendix E . )  
3 .  Tes t ing  materials of c o n s t r u c t i o n  f o r  r e s i s t a n c e  t o  o x i d a t i o n  
and carbon deposi t ion.  
(a) The degree  of decomposition (DD) i s  a measure  of  the  conversion  of 
CO and HZ0 t o  CO and H2 a t  t h e  e l e c t r o l y z e r  e x i t .  C o r r e c t i o n s  are 
m f e  for  the  hydrogen  d i f fused  through the  pa l lad ium membranes and 
fo r  con tamina t ion  of t h e  stream by n i t rogen .  The DD is  calculated from 
the   vo lumet r i c   f l ow rate (cc/min) as fo l lows:  
e x i t  CO + e x i t  H2 + H d i f f u s e d  
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1.3.2 Breadboard Design, Construction,  and  Operation 
Breadboard  design  was  initiated  late  in  the  second  half  of 
1969 and  completed  early in 1970.  Emphasis  was  placed  on  flexibility 
and  built-in  redundancy  to  insure  long life,  as well as  sufficient  control 
to  allow  unattended  operation  for  long  periods  of  time. An example of 
built-in  redundancy  was  the  inclusion f spare  electrolysis  stacks  within 
the  electrolysis  module.  These  spares  could be used when desired  without 
shutting down and  opening  the  system.  The  electrolysis  unit  design  also 
permitted  the  isolation  of  broken  or  leaky  stacks  without  system  shutdown. 
Construction  of  the  breadboard  was  completed  in  May.  Initial 
testing of the  unit  was  carried  out  without  recycling  the  gas  discharge 
of  the  carbon  deposition  reactor  (open  loop  mode).  During  these  tests, 
the  electrolyzer  and  carbon  deposition  reactor  were  characterized, 
recycle  rate  requirements were estimated,  startup  and  shutdown  procedures 
were  established,  and  control  system  modifications were suggested.  This 
work is  described  in  Appendix F.
A two-day  test  in  which  the  carbon  deposition  reactor  product 
stream  was  recycled  to  the  electrolyzer  (closed  loop  mode)  was  run  prior 
to  starting  the  180-day  life  test  on  July 9, 1970.  After  the  life  test  was 
completed on January 8, 1971,  the  system  was  disassembled  to  determine 
the  condition  of  the  system  components. 
1.3.3  Oxygen  Regeneration  System With  Various  CO  Concentrators 2 
A preliminary  paper  study  was  performed  to  determine  the  effects 
on  system  design  and  equivalent  weight  of  integrating  the  solid  electro- 
lyte  oxygen  regenerator  with  various CO concentrators.  Four  different 
concentration  systems -- molecular  sieve,  steam  desorbed  resin,  carbonation 
cells, and  hydrogen-depolarized  electrochemical  cells--  were  considered. 
2 
1.4 Report Organization 
The  breadboard  description  and  life  test  results,  as  well  as 
the  results  of  the regenerator-concentrator interface  study,  are  contained 
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i n  t h e  body  of t h e  r e p o r t .  Data and  computations, as w e l l  as d i s c u s s i o n ,  
re la ted  to  the  pre-breadboard  development  are genera l ly  conta ined  i n  t h e  
appendixes.  Also in  the  append ixes  are the  sys t em ope ra t ing  in s t ruc t ions  
(Appendix G) and t h e  180-day t e s t  log  (Appendix H) .  
Every e f fo r t  has  been  made t o  i n c l u d e  a l l  r e l e v a n t  d a t a ,  b o t h  
f avorab le  and unfavorable,  so t h a t  t h e  e n g i n e e r  o r  s c i e n t i s t  r e a d i n g  t h i s  




2 . 1  Conclusions  Based Upon Operation  of  Breadboard  System 
Development  of  the  so l id  e lec t ro ly te  oxygen  regenera t ion  sys tem 
h a s  r e a c h e d  t h e  s t a g e  w h e r e  t h e  f e a s i b i l i t y  o f  c o n s t r u c t i n g  a multi-man 
sys tem  for  manned t e s t i n g  h a s  b e e n  d e m o n s t r a t e d .  T h i s  o v e r a l l  c o n c l u s i o n  
i s  based on t h e  s u c c e s s f u l  o p e r a t i o n  f o r  180 days of an  in t eg ra t ed ,  c losed -  
loop breadboard system which produced 125 cc/min o f  oxygen from 
a mixed feed  of  carbon  dioxide  and water. The f o l l o w i n g  s p e c i f i c  r e s u l t s  
were a c h i e v e d  i n  c o n s t r u c t i n g  and opera t ing  the  breadboard .  
1. The  closed-loop  concept -- i n  which the product  stream from the  
c a r b o n  d e p o s i t i o n  r e a c t o r  i s  r e c y l c e d  t o  t h e  e l e c t r o l y z e r  a n d  
the  on ly  p roduc t s  are oxygen, carbon and hydrogen -- has been 
demonst ra ted  by  an  opera t ing  sys tem of  long  l i fe  and  h igh  per -  
formance.  Ninety-five  and  one-tenth  percent of t h e  o x y g e n  i n  t h e  
carbon dioxide-water  feed during the 180-day tes t  w a s  recovered 
as 02. Of t he  4.9% unrecovered,  1 .2% was l o s t  t o  vacuum wi th  
the   hydrogen   of f -gas .   In  a space   cab in ,   t he   r ema in ing  3.7% 
would be recycled to  the cabin with the oxygen and would not  be 
10s t . 
2 . .  The breadboard w a s  o p e r a t e d  o n  f e e d s  c o n t a i n i n g  1 5 %  t o  35% 
water w i t h  t h e  b a l a n c e  b e i n g  c a r b o n  d i o x i d e  ( e x c e p t  f o r  trace 
q u a n t i t i e s  of n i t r o g e n ) ,  t h u s  i l l u s t r a t i n g  t h a t  t h e  f e e d  t o  t h e  
regenera t ion  sys tem can  conta in  CO and H 0 i n  e s s e n t i a l l y  a n y  
r a t i o .  
2 2 
3.  The  breadboard was ope ra t ed   w i th  .N l eve ls   be tween 6% and 12% 2 
i n  t h e  r e c y c l e  stream wi thou t  appa ren t  dec rease  in  sys t em pe r -  
f ormance . 
4. The e l e c t r o l y s i s  power requirement   on  the f i r s t  day   of   the  






average power required was  283 .5  wat t s /man and  the  to ta l  increase  
i n  power over 180 days amounted to less than  20% of t h e   i n i t i a l  
value.  
The r e l i a b i l i t y  o f  t h e  e l e c t r o l y s i s  u n i t  was g r e a t e r  t h a n  a n t i -  
c ipa ted ,  based  on  test r e s u l t s  w i t h  t h r e e - c e l l  s t a c k s :  n o n e  o f  
the e l e c t r o l y s i s  cells  used i n   t h e  180-day test f a i l e d .  
C r e w  t i m e  was l i m i t e d  t o  18 minutes/day. The t o t a l  crew t i m e  
r e q u i r e d  d u r i n g  t h e  l i f e  test was 54.3  hours. Of t h i s ,  398 
minutes were spent  on rout ine maintenance,  700 minutes  on  fau l t  
i d e n t i f i c a t i o n  and correct ion,  and the remaining 2160 minutes 
on carbon tending. 
Ma in ta inab i l i t y  o f  t he  sys t em w a s  demonstrated. 
a. E l e c t r o l y s i s  u n i t  d e s i g n  p e r m i t t e d  t h e  i s o l a t i o n  o f  
b roken  o r  l eaky  e l ec t ro lys i s  s t acks  wi thou t  sys t em 
shutdown. 
b. S p a r e  e l e c t r o l y s i s  cells were b u i l t  i n t o  t h e  o p e r a t i n g  
module. Ma in ta in ing   t hese   spa res  a t  operating  tempera- 
t u r e  and i n  t h e  o p e r a t i n g  g a s  a t m o s p h e r e  f o r  t h e  e n t i r e  
180  days  d id  not  a f fec t  the i r  measured  per formance;  
t h e i r  V-I c h a r a c t e r i s t i c s  a t  t h e  c o n c l u s i o n  o f  t h e  l i f e  
test were i d e n t i c a l  t o  t h e i r  p e r f o r m a n c e  a t  t h e  o u t s e t .  
c. Wiring  from  the cel ls  t o  an   ex terna l   pane l   a l lowed  spare  
e l e c t r o l y s i s  cells  to  be  used  when desired without  opening 
t h e   s y s  t e m .  
d. No buildup  of  carbon i n  t h e  t r a n s f e r  l i n e s ,  pumps, o r  
e l e c t r o l y z e r  was observed. 
8. S tab le  ope ra t ion  o f  t he  sys t em was eas i ly  accompl i shed ;  t he  
system w a s  l e f t  u n a t t e n d e d  ( n o  o n e  i n  same b u i l d i n g )  f o r  15-20 
hours every day. 
9. A ca rbon  depos i t i on  r eac to r  wh ich  u t i l i ze s  the  wall  o f  t h e  
r e a c t o r  as a c a t a l y s t  w a s  e f f e c t i v e  i n  removing carbon from the 
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sys tem.   The   po ten t ia l   advantages  of t h i s  a p p r o a c h  in comparison 
w i t h  t h e  u s e  o f  e x p e n d a b l e  c a r t t i d g e s  i n c l u d e  r e d u c e d  w e i g h t  a n d  
volume of  spare  par t s ,  a cons t an t  rate of  conversion of  CO t o  
CO and  carbon,  and,  probably,   reduced crew time. A more cow 
D l e t e  comparison,  however ,  of  the car t r idge approach with the 
cont inuous  reac tor  approach  i s  needed before  one is s e l e c t e d  
f o r  a manned tes t .  
2 
1 0 .  S u i t a b i l i t y  o f  p a l l a d i u m  membranes for   separat ing  hydrogen  f rom 
t h e  p r o c e s s  stream was demonst ra ted  by  successfu l  opera t ion  
of  the  system.  Changes i n  t h e  membrane th i ckness   and   b raz ing  
techniques  employed are recommended i n  o r d e r  t o  i n c r e a s e  t h e  
average  membrane l i f e .  
11. The a b i l i t y  t o  c o o l  and   rehea t   the   p rocess  stream i n  copper 
l i ned  tub ing  and  vessels without  blockage due to  carbon deposi-  
t i o n  was demonstrated.  
2.2 Component Development 
The s u c c e s s  a c h i e v e d  i n  t h e  o p e r a t i o n  of the breadboard system 
was b u i l t  on t h e  component development accomplished during the developmen- 
t a l  phase of t h i s  program.  The e l e c t r o l y s i s  b a t t e r y  f a b r i c a t i o n  t e c h n i q u e ,  
the  sys tem opera t ing  condi t ions ,  and  the  des ign  of  the  carbon depos i t ion  
reac tor  and  hydrogen  d i f fuser  were based  on t h e  r e s u l t s  o f  t h i s  p h a s e .  
Spec i f i c   conc lus ions   r eached   i n   t h i s   phase   i nc lude   t hose   l i s t ed   be low.  
1. S i n t e r e d  Pt-ZrO e l e c t r o d e s ,   c o n t a i n i n g  70% platinum  and 30% 2 
Zr02 by  volume,  have a po rous  s t ruc tu re  and  are t i g h t l y  a d h e r e n t  
t o  t h e  e l e c t r o l y t e .  They are s u i t a b l e  f o r  u s e  as e i t h e r  t h e  
anode or   ca thode   of  a s o l i d  e l e c t r o l y t e  e l e c t r o l y s i s  ce l l .  Both 
e lec t rode  composi t ion  and  e lec t rode  weight  are e a s i l y  c o n t r o l l e d  
€ o r  t h i s  t y p e  o f  e l e c t r o d e .  
2 .  A s i g n i f i c a n t  d e c r e a s e  i n  t h e  r a t e  of per formance   dec l ine   for  
mu l t i - ce l l ed  stacks o f  s o l i d  e l e c t r o l y t e  e l e c t r o l y s i s  cel ls  was 
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achieved as a r e s u l t  of t h e  combined e f f e c t s   o f   ( a )   u s i n g  
s i n t e r e d  Pt-ZrO e l e c t r o d e s ,  (b) ma in ta in ing   c lose   t o l e rances  
in   t he   mach in ing   o f   t he   so l id   e l ec t ro ly t e   componen t s ,   ( c )   p l ac ing  
t h e  a n o d e  o n  t h e  i n t e r i o r  of t h e  cel ls  (away f rom the  po in t  
where  the  gold w i r e  i s  p laced   du r ing   b raz ing )   and   (d )   t he   u se  
o f  i n d i v i d u a l  c e l l s  o f  l a r g e  s u r f a c e  a r e a .  
2 
3 .  The c u r r e n t  d e n s i t y  u t i l i z e d  and t h e  d e g r e e  t o  w h i c h  C 0 2  and 
H 2 0  are converted t o  CO and H2 i n  t h e  e l e c t r o l y s i s  cells  exert 
a s t r o n g  i n f l u e n c e  on t h e  l i f e  of t h e  c e l l s .  F i v e  t h r e e - c e l l  
s t a c k s  t e s t e d  a t  c u r r e n t  d e n s i t i e s  of 200 ma/crn2 o r  less and 
a t  a degree of gas decomposition of 0 . 7  o r  less had an average 
l i f e  of  228 days .  These  uni t s  requi red  an  average  of  198 wat ts /  
man i n i t i a l l y  and t h i s  f i g u r e  i n c r e a s e d  by only 0.2% per  day 
o v e r  t h e i r  e n t i r e  l i f e .  
4 .  Operation a t  a c u r r e n t  d e n s i t y  of 200 ma/cm2 o r  h ighe r  and ,  
s imultaneously,  a t  a deg ree  of gas decomposition approaching 
0 .8  cause  reduct ion  of t h e  e l e c t r o l y t e  and d e c r e a s e  i n  t h e  
e f f e c t i v e  c e l l  l i f e  t o  30 days  or  less. 
5.  However, degrees  of gas  decomposition  exceeding  0.8  can  be 
achieved by r e d u c i n g  t h e  c u r r e n t  d e n s i t y  i n  t h e  cells  o p e r a t i n g  
on h i g h l y  decomposed gases  and/or  by u s i n g  e l e c t r o d e  m a t e r i a l s  
such as n icke l  and  coba l t  fo r  t he  ca thodes  on t h e s e  c e l l s .  
6. The r a t i o  of i r o n  t o  c a r b o n  i n  t h e  c a r b o n  removed from  the  carbon 
depos i t ion  reac tor  can  be  reduced  to  0 .027  or  less by l eav ing  a 
t h i c k  l a y e r  of carbon (0.5 t o  1 . 0  cm) on t h e  c a t a l y s t  s u r f a c e  a t  
t h e  time of  sc rap ing .  
7 .  Pal lad ium tubes  , operated a t  850°C in  an  a tmosphere  conta in ing  
CO, C 0 2 ,  and w a t e r  i n  a d d i t i o n  t o  h y d r o g e n ,  showed no s i g n  of 
mechan ica l  o r  pe r fo rmance  de te r io ra t ion  in  a  71-day l i f e  tes t .  
The permeation rate w a s  found t o  v a r y  w i t h  t h e  h y d r o g e n  p a r t i a l  
p r e s s u r e  t o  t h e  0.65 power. 
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2 . 3  I n t e g r a t i o n  of Carbon Dioxide Concentrator  with Sol id  
E l e c t r o l y t e  Oxygen Regenerator ~ ~ 
A s tudy  w a s  made of t h e  e f f e c t s  on  des ign  and equiva len t  weight  
of c o u p l i n g  t h e  s o l i d  e l e c t r o l y t e  o x y g e n  r e g e n e r a t o r  t o  f o u r  d i f f e r e n t  
CO concen t r a to r s .  The f o u r  CO c o n c e n t r a t o r s  were: s team  desorbed   res in ,  
molecular  s ieve ,  hydrogen  depolar ized  ce l l ,  and carbonat ion ce l l .  
2 2 
The s t u d y  i n d i c a t e d  t h a t  a l l  f o u r  c o n c e n t r a t o r s  can b e  i n t e -  
g r a t e d  w i t h  t h e  s o l i d  e l e c t r o l y t e  sys.tem. The hydrogen  depo la r i zed  ce l l  
and  the  carbonat ion  ce l l  concent ra tors ,  however ,  w i l l  r equi re  modi f ica-  
t i o n s  t o  a n d  a n  i n c r e a s e  i n  s i z e  of t h e  s o l i d  e l e c t r o l y t e  u n i t .  The 
es t imated  equiva len t  weights  of t he  in t eg ra t ed  sys t ems  ( to  p rov ide  
s u f f i c i e n t  oxygen f o r  a nine-man, 500-day mission) are: 
Steam  desorbed  r in 3098 l b s  
Molecular   s ieve  3265 
Hydrogen d e p o l a r i z e d   c e l l  3153 
C a r b o n a t i o n   c e l l  3284 
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3 .  RECOMMENDATIONS 
Based  on t h e  s u c c e s s f u l  180-day l i f e  tes t  of the  breadboard  
system, West inghouse recommends tha t  the  deve lopment  program for  so l id  
e l e c t r o l y t e  oxygen regenera t ion  be  cont inued  so t h a t  a u n i t  of multi-man 
capac i ty  can b e  u t i l i z e d  i n  the nex t  manned l i f e  s u p p o r t  test of long 
du ra t ion .  
Work shou ld  be  s t a r t ed  immedia t e ly  on the  conceptua l  des ign  
of a mul t i -manned sys tem.  In  the  f i r s t  sys tem to  be  coupled  wi th  a CO 
concen t r a to r ,  t he  in t e r f ace  be tween  the  concen t r a to r  and  the  r egene ra to r  
should  be  def ined  to   minimize  interdependence.   This  w i l l  maximize t h e  
p r o b a b i l i t y  f o r  s u c c e s s f u l  o p e r a t i o n  of  both  systems.  Modification  of 
t he  in t e r f ace ,  o r  o f  t he  sys t ems  themse lves ,  t o  t ake  advan tage  o f  
p o s s i b l e  s y n e r g i s t i c  e f f e c t s  s h o u l d  b e  p o s t p o n e d  u n t i l  t h e  s e c o n d  g e n e r a -  
t i on .  
2 
. Emphasis should be placed on the following items i n  t h e  con- 
cep tua l  des ign  s tudy .  
1. Thermal  control.   Each component  must be  maintained a t  t h e  
des i r ed  ope ra t ing  t empera tu re ,  desp i t e  changes  in  the  oxygen 
g e n e r a t i o n  r a t e ,  c o n d u c t i v i t y  of t h e  i n s u l a t i o n ,  o r  e l e c t r i c a l  
p r o p e r t i e s  of t h e  e l e c t r o l y s i s  c e l l s .  To minimize  system 
power requi rements ,  the  resist ive and chemica l  r eac t ion  hea t s  
g e n e r a t e d  i n  t h e  e l e c t r o l y s i s  and carbon depos i t ion  processes  
s h o u l d  b e  u t i l i z e d .  
2. Conceptual  design  of  equipment  to  accomplish  automatic  or 
semi-automatic scraping and handling of carbon. 
3. S e l e c t i o n  of carbon  deposi t ion  approach.  A choice  should  be 
made be tween  the  use  o f  d i sposab le  ca t a lys t  ca r t r idges  and  the 
use of  a con t inuous  ca rbon  depos i t i on  r eac to r  i n  which t h e  c a t a l y s t  
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4 .  
5. 
i s  se l f - con ta ined  bu t  ca rbon  mus t  be  removed p e r i o d i c a l l y .  The 





f e a s i b i l i t y  of au tomat ic  sc rap ing  and  handl ing  
procedure above. 
p robab i l i t y  o f  t roub le - f r ee  sys t em ope ra t ion  wi th  
the c a t a l y s t  c a r t r i d g e  a p p r o a c h .  
a comparison of the t o t a l  s y s t e m  e q u i v a l e n t  w e i g h t s  
u s i n g  t h e  two approaches. 
crew time pro jec ted  for  each  approach .  
D e s i g n  o f  t h e  e l e c t r o l y z e r  t o  i n s u r e  good f l o w  d i s t r i b u t i o n  
a n d  s u f f i c i e n t  r u g g e d n e s s  t o  w i t h s t a n d  h a n d l i n g  b y  t h e  crew. 
Design of a l l  components t o  f a c i l i t a t e  t r o u b l e - s h o o t i n g  a n d  
m a i n t e n a n c e ,  i n c l u d i n g  t h e  a b i l i t y  t o  s h u t  down one  component 
o f  t he  sys t em whi l e  t he  r ema inde r  o f  t he  sys t em rema ins  in  ope ra -  
t i o n .  
A m o d e s t  e x p e r i m e n t a l  e f f o r t ,  t o  b e  c a r r i e d  o u t  i n  p a r a l l e l  
w i th  the  concep tua l  des ign  s tudy ,  wou ld  a id  in  ob ta in ing  an  optimum 
d e s i g n .   T h i s   w o r k   s h o u l d   i n c l u d e   e f f o r t s   t o   i n c r e a s e   t h e   l i f e   o f   t h e  
palladium  membranes, t o  f u r t h e r  i n c r e a s e  t h e  l i f e  o f  e l e c t r o l y s i s  s t a c k s  
operat ing with degrees  of  decomposi t ion between 0.6 and 0 .7 ,  and t o  b u i l d  
s t a c k s  t h a t  c a n  o p e r a t e  a t  degrees of decomposition of 0.75 o r  h i g h e r .  
Completion of a s a t i s f a c t o r y  c o n c e p t u a l  d e s i g n  s h o u l d  b e  
fo l lowed by  the  de ta i led  des ign  and  cons t ruc t ion  of  a s o l i d  e l e c t r o l y t e  
oxygen regenera t ion  sys tem of multi-man capacity. 
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4. DESCRIPTION OF BREADBOARD  SYSTEM 
4.1 Flow Diagram  and Material Balance 
A flow diagram of the breadboard system and a material ba l ance  
f o r  a 1/4-man oxygen rate are p r e s e n t e d  i n  F i g .  2. Stream compositions 
and  flow rates are g i v e n  f o r  a l l  s i g n i f i c a n t  l o c a t i o n s .  The r a w  f eed  
rate is based on an oxygen requirement  per  man of 2.0 lb/day of which 
1.57 l b  comes from carbon dioxide and 0.43 lb,  comes from water. The 
r e c y c l e  stream composition and flow rate approx ima te  the  ac tua l  ope ra t ing  
c o n d i t i o n s  f o r  m o s t  o f  t h e  l i f e  test. 
4.2  Design  Philosophy 
A major  cons ide ra t ion  in  bu i ld ing  the  b readboard  w a s  s u f f i c i e n t  
b u i l t - i n  r e d u n d a n c y  a n d  f l e x i b i l i t y  t o  i n s u r e  l o n g  l i f e .  The e l e c t r o l y s i s  
u n i t  was designed  for   easy  maintenance.   This  w a s  done by i n s t a l l i n g  i n  
t h e  u n i t  more e l e c t r o l y s i s  s t a c k s  t h a n  were ac tua l ly  needed  to  p rov ide  
125 cc/minute of oxygen, by provid ing  each  s tack  wi th  a s h u t  o f f  v a l v e  
so  t h a t  i t  cou ld  be  i so l a t ed  f rom the  sys t em in  case  i t  were broken, and 
by provid ing  leads  f rom each  s tack  to  an  outs ide  cont ro l  pane l .  Wi th  
t h e s e  p r o v i s i o n s ,  a d e f e c t i v e  s t a c k  c o u l d  b e  i d e n t i f i e d ,  i s o l a t e d ,  a n d  
rep laced  wi th  a fresh s tack without  opening the system. Other  redundant  
components inc luded  four  pa l lad ium tubes  and  an  ex t ra  recyc le  pump. 
F l e x i b i l i t y  w a s  provided by us ing  ove r s i zed  pumps. S u f f i c i e n t  a u t o m a t i c  
c o n t r o l  w a s  p rov ided  to  a l low una t t ended  ope ra t ion  fo r  l ong  pe r iods  o f  
t i m e .  No at tempt   o   minimize  system  weight  w a s  made. Off-the-shelf 
s enso r s ,   con t ro l   e l emen t s ,   fu rnaces ,   t ub ing ,   va lves ,   e t c . ,  were used 
wherever  poss ib le .  
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Stream Composition And Flow Rate 
M/D=  Gram rMoles/Day 
Fig. ~ - F I O W  diagram and projected material balance for U4-man oxygen regeneration system 
4.3 Component D e s c r i p t i o n  
4 .3 .1   E lec t ro lys i s   Un i t  
The e lec t ro lys i s  un i t  compr ised  twenty  oxygen product ion  s tacks ,  
six palladium tubes for removing hydrogen, a base  p l a t e ,  and  a housing. 
Each oxygen product ion s tack consis ted of s e v e n  b e l l  and s p i g o t  e l e c t r o l -  
y s i s  ce l l s ,  p lus  an  end cap and a base  tube ,  connec ted  toge ther  in  series. 
Both inner and o u t e r  e l e c t r o d e s  
were s in te red  composi tes  of  P t  
and (Zr02) o. (Y203) o. 1. The 
coa t ing  weight  was 12-15 mg/cm . 2 
The b e l l  and sp igot  concept  and 
e l ec t rode  a r r angemen t  a re  i l l u s -  
t r a t e d   i n   F i g .   3 .  The e l e c t r o d i n g  
t e c h n i q u e  u t i l i z e d  i s  d e s c r i b e d  i n  
Appendix A ,  and t h e  o v e r a l l  f a b r i -  
c a t i o n  t e c h n i q u e  f o r  t h e  e l e c t r o l y s i s  
s t a c k s  is  d e s c r i b e d  i n  S e c t i o n  B . 3  
of Appendix B .  In   the   b readboard  
s v s t e n  t h e  i n s i d e  e l e c t r o d e  was 
the  anode and produced  the  oxygen. 
The advantage of this arrangement 
was t h a t  no  meta l  par t s  of t h e  
e l e c t r o l y z e r  came i n t o  c o n t a c t  
with hot oxygen. 
Figure 4 shows t h e  d e s i g n  
Fig.  3 -- Bell  and s p i g o t  e l e c t r o -  
l y s i s  ce l l s  and e l e c t r o d e  
arrangement 
of t h e  b a s e  p l a t e .  Numbered circles i n  t h e  t o p  v i e w  r e p r e s e n t  s o c k e t s  
t h a t  h e l d  t h e  e l e c t r o l y s i s  s t a c k s .  The b a s e  p l a t e  was provided  wi th  four  
15- te rmina l  insu la ted  headers  for a t t ach ing  cu r ren t  l eads  and  e igh t  two- 
t e rmina l   headers   for   thermocouple   l eads .  It a lso   conta ined  a b u i l t - i n  
oxygen  manifold  that   connected  with a l l  of t h e  s t a c k s .  A shu to f f  va lve  
w a s  i n s t a l l e d  a t  e a c h  m a n i f o l d  c o n n e c t i o n  t o  a l l o w  t h o s e  s t a c k s  n o t  i n  u s e  
to  be  i so la ted  f rom the  mani fo ld .  The m a t e r i a l  of c o n s t r u c t i o n  w a s  
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Fig. 4 - Base  plate f o r  electrolysis unit 
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Outs ide  and i n s ide  v i ews  
of  the housing are shown i n  F i g .  5 
and 6. The  housing was con- 
s t r u c t e d  e n t i r e l y  of Incone l  600 
and a l l  seams and j o i n t s  were 
h e l i a r c   w e l d e d .   B a f f l e   p l a t e s  
d i v i d e d  t h e  e l e c t r o l y s i s  chamber 
into  four   compartments ,   each 
h o u s i n g  f i v e  e l e c t r o l y s i s  s t a c k s .  
The gas feed entered a t  the top  
from a p r e h e a t i n g  c o i l  and  flowed 
a l t e r n a t e l y  downward and  upward 
through  the  four  compartments 
and o u t   h e   e x i t   p o r t .   S h o r t  
c i r c u i t i n g  of t h e  f l o w  p a t h  a t  
the bottom was minimized by 
embedding the  lower  ends of t h e  
b a f f l e s  i n  t h e  i n s u l a t i o n  a r o u n d  
the  base  tubes .  
To prevent  carbon 
depos i t i on  on  the  Inconel  par t s  
that   extended  through  the  tempera- 
t u re   g rad ien t   zones   a t   t he   t op  
and  bottom  of  the  furnace,   the 
Darts were c lad  wi th  copper ,  
which i s  nonca ta ly t ic .   Deoxid ized  
coppe r  tube  l i n ings  were f i t t e d  
i n s i d e  t h e  g a s  f e e d  and d i scha rge  
tubes by swaging before  the tubes 
were coi led   o r   bent .   For   p ro-  
t ec t ion  in  the  lower  zone ,  the 
bottom 4 inches  of  the  inner  wal l  F ig .  5 -- Outside view of housing 
e l e c t r o l y s i s  u n i t  showir: 
gas l i n e s  and vacuum man 
fold connecting t u b e s  at 
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Fig .  6 -- Ins ide  v iew of housing showing baff les  and 
palladium membranes. 
of  the housing was heav i ly  e l ec t rop la t ed  wi th  coppe r  a f t e r  a t h i n  
i n i t i a l  c o a t  of  gold.  
F igure  7 shows the st .<cks mounted on the base plate with lead 
wires and p a r t  of t h e   i n s u l a t i o n   i n   p l a c e .  The s t a c k s  were cemented 
i n t o  t h e  b a s e  p l a t e  s o c k e t s  w i t h  a room tempera ture  vulcaniz ing  rubber  
t h a t  w i t h s t a n d s  t e m p e r a t u r e s  t o  260°C. A s  each   s t ack  w a s  mounted, 
current  leads and thermocouple  wires were a t t ached  and connected t o  t h e  
i n s u l a t e d  h e a d e r s .  T h e  f i n a l  s t e p  b e f o r e  a t t a c h i n g  t h e  h o u s i n g  was t o  
add 5 inches  of  F iber f rax  b lock  insu la t ion  a round the  base  tubes .  
-20- 
F ig .  7 - Electrolysis stacks mounted on base plate  w i t h  wi r ing  
and par t  o f  insulation i n  place. 
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4.3.2 Hydrogen  Separation 
The s ix  pa l l ad ium- tube  membranes used  for  hydrogen  separa t ion  
were c o n t a i n e d  i n  t h e  e l e c t r o l y s i s  u n i t  as shown i n  F i g .  6 .  The  gas 
i n l e t  a n d  o u t l e t  c o m p a r t m e n t s  ( a t  b o t t o m  a n d  l e f t  c e n t e r  i n  F i g .  6 )  
contained one membrane each. Two membranes were p laced  in  each  of t h e  
o t h e r  two compartments. The  membrane tubes  were 1/8-in.   0.d.   by 0.005 i n .  
wall by 8 in .   long,   and were c losed  a t  t h e  f r e e  e n d .  I n  a d d i t i o n  t o  t h e  s i x  
8-in.  long  membranes, a 3-in. long membrane w a s  i n s t a l l e d  i n  t h e  g a s  
e x i t  p o r t  t o  s e r v e  a s  a hydrogen gauge. 
The  open  ends of t h e  
palladium membranes were copper 
brazed to Inconel tubes which were 
a t t ached  to  the  hous ing  in  the  
manner  shown i n   F i g .  8 .  This  
method was adopted for  convenience 
in  weld ing  and t o  make replace-  
ment of membranes p o s s i b l e  ( a l -  
though not  dur ing  opera t ion  of 
t h e  u n i t ) .  
The  vacuum system is 
i l l u s t r a t e d   i n   F i g .  9 .  It included 
Gar Out + 
H toVacuum 2 h n HZto Vacuum t 
~- lnconel Post 
M?mbrane 
Membrane 
la1 Gas Outlet Ib l  Palladium Membrane 
Support 
a vacuum pump, a manifold with a 
shutof f  va lve  for  each  pa l lad ium 
membrane, a c o n t r o l  v a l v e ,  and Liner 
IcI Gas Inlet 
two pressure   guages .  One va lve  
was used t o   i s o l a t e   h e   3 - i n .   F i g .  8 -- Attachment of pal ladium 
pal ladium membrane and the abso- 
lu te  pressure  gauge  f rom the  mani- 
f o l d  so  t h a t  t h e  p a r t i a l  p r e s s u r e  of 
hydrogen i n  t h e  s y s t e m  gas could be read. 
membranes  and g a s  l i n e s  
t o  h o u s i n g  o f  e l e c t r o l y s i s  




- -L ines  to Palladium 
F i g .  9 -- Vacuum system for  hydrogen separat ion 
4.3.3  Carbon  Deposition  Reactor 
A schematic drawing of the  ca rbon  depos i t i on  r eac to r  i s  shown 
i n  Fig.  10. The r e a c t o r   c o n s i s t e d  of a c y l i n d r i c a l  r e a c t i o n  v e s s e l ,  
a hand-operated scraper  for  removing the carbon deposi t  from t h e  r e a c t o r  
w a l l ,  and a removable   carbon  co l lec t ion   ja r .  The l i n i n g  o f  t h e  r e a c t i o n  
chamber w a s  made of 1015 carbon steel  and s e r v e d  a s  t h e  c a t a l y s t  f o r  t h e  
carbon  producing  react ion.  It was 8 in .   l ong  and averaged 2 in .   i .d .  
It was made t h i c k e r  a t  t h e  t o p  t o  c o m p e n s a t e  f o r  t h e  g r e a t e r  rate of 
i ron  consumpt ion  tha t  w a s  expec ted  a t  the  feed  end .  
The s c r a p e r  w a s  made of Inconel  600 and cons is ted  of  a r o t a t a b l e  
s h a f t  t o  which f ive  1 /2- in .  wide  b lades  were welded.  Clearance  between 
t h e  c u t t i n g  e d g e s  of t h e  b l a d e s  and the  r eac to r  wa l l  va r i ed  f rom 3 /16- in .  
a t  the  top  to  5/16-in. a t  the bot tom because of t h e  t a p e r e d  c o n s t r u c t i o n  
o f  t h e  c a t a l y s t  t u b e .  The purpose of t h e  l a r g e  clearance was t o  leave 
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a t h i c k  c a r b o n  l a y e r  o n  t h e  w a l l  a f t e r  s c r a p i n g .  P r e v i o u s  e x p e r i e n c e  
had shown tha t  t h i s  t echn ique  r educed  i ron  consumpt ion  by the  carbon 
(see Appendix D).  The s c r a p e r  s h a f t  was  hollow and was used as a thermo- 
couple w e l l .  
The i n l e t  and o u t l e t  v e s t i b u l e s  and g a s  l i n e s  of t h e  r e a c t o r  
were cons t ruc t ed  of aluminum  bronze (Ampco Metal Grade 8). T h i s  a l l o y  
w a s  t hough t  t o  be  nonca ta ly t i c  t o  ca rbon  depos i t i on  and  w a s  used t o  
Prevent  c logging .Of the  en t rance  and  ex i t  o f  the  reac tor  by  carbon.  
me carbon depos i t ion  reac t .or  was s i z e d  t o  h o l d  o n e  d a y r s  
product ion of carbon s o  tha t  the  breadboard  sys tem could  be  l e f t  
unattended on  weekends f o r  p e r i o d s  up t o  24 hours.  The s i z e  w i t h  
respect t o  t h e  a b i l i t y  t o  p r o d u c e  c a r b o n  a t  the  r equ i r ed  rate was 
deemed t o  b e  more  than  adequate.  This  judgment was based  on  the  r e su l t s  
of a r e a c t i o n  rate s tudy  conducted  wi th  a d i f f e r e n t i a l  r e a c t o r .  The 
work i s  d e s c r i b e d  i n  Appendix D. 
4.3.4 Auxi l i a ry  Equipment 
Gas c i r c u l a t i o n  t h r o u g h  t h e  e l e c t r o l y s i s  u n i t  and around the 
loop was e f f e c t e d  w i t h  a diaphragm pump (Neptune Dynapump, Model 2 )  which 
was r a t e d  a t  3600 cc/min a t  55 in .  o f  water. An a u x i l i a r y  pump was i n s t a l l e d  
i n  p a r a l l e l .  A p o r o u s  s t a i n l e s s  s tee l  f i l t e r  (Nupro I n l i n e  F i l t e r  No. 6F) 
preceded  each pump t o  remove carbon dust .  The maximum pumping rate used 
i n   t h e   l i f e  test was 1800 cc/min and the maximum d e l i v e r y  p r e s s u r e  w a s  
15   i n .  of water. The p r e s s u r e  d r o p  a c r o s s  t h e  f i l t e r s  g r a d u a l l y  
inc reased  as they became clogged with carbon and oversized pumps were 
needed t o  a v o i d  t o o  f r e q u e n t  c l e a n i n g  of t h e  f i l t e r  e l e m e n t s .  No a t t empt  
was made t o  maximize  pumping  ef f ic iency .  In  addi t ion  to  the  porous  
steel f i l t e r s ,  a c o a r s e  f i l t e r  chamber  with clean-out  plugs was connected 
d i r e c t l y  t o  t h e  c a r b o n  d e p o s i t i o n  r e a c t o r  o u t l e t .  
The e l e c t r o l y s i s  u n i t  w a s  heated by a four -zone  sp l i t - tube  
furnace.  The furnace  chamber  measured 5 in .   i .d .   by   12   in .   long   and   the  
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i n s u l a t e d  v e s t i b u l e s  a t  t h e  e n d s  o f  t h e  chamber were 4 112 in .  long.  
The ca rbon  depos i t i on  r eac to r  was hea ted  wi th  a three-zone furnace.  
The hea t ing  e l emen t s  were wound d i r e c t l y  o n t o  t h e  r e a c t o r  s h e l l .  
The w a t e r  s a t u r a t o r ,  w h i c h  was used t o  i n t r o d u c e  t h e  water 
f e e d  i n t o  t h e  C02 feed  stream, cons is ted  of  two bubb le r s  connec ted  in  
series a n d  h e l d  i n  a cons tan t  tempera ture  ba th .  
The  two f u r n a c e s ,  t h e  r e c y c l e  pumps, and t h e  f i l t e r s  are shown 
in   t he   pho tograph   o f   t he   b readboard   sys t em  in   F ig .  11. F igure  1 2  shows 
the  con t ro l  Dane l .  
F ig .  11 -- Breadboard oxygen regeneration system 
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Fig.  12 - Control panel. 
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4 . 4  Contro l  of Opera t ion  
The c o n t r o l  p h i l o s o p h y  f o r  o p e r a t i n g  t h e  s y s t e m  c a l l e d  f o r  
.maintaining constant  oxygen product ion,  constant  feed composi t ion,  
cons tan t  sys tem pressure ,  and  cons tan t  gas  composi t ion  a t  the e l e c t r o l y z e r  
exit .  A cons tan t  rate of oxygen production was ob ta ined  by  con t ro l l i ng  
t h e  e l e c t r o l y s i s  c u r r e n t ,  and constant  feed composi t ion w a s  obtained by 
con t ro l l i ng   t he   t empera tu re   o f   t he  water s a t u r a t o r .  F o r  o v e r a l l  s y s t e m  
con t ro l ,  t he  p r imary  r equ i r emen t  was t o  match the raw feed  ra te  t o  t h e  
rate of oxygen production to prevent gross changes i n  sys tem pressure .  
This  was accompl ished  by  provid ing  propor t iona l  cont ro l  of t h e  co2 feed ,  
us ing  sys tem pressure  as t h e  c o n t r o l  s i g n a l .  
The  need f o r  c o n t r o l l i n g  t h e  gas  composi t ion leaving the 
e l e c t r o l y z e r  was i n d i c a t e d  by pr ior  exper ience  which  had  shown t h a t  3 
t o  5% H i n  t h e  g a s  w a s  r equ i r ed  
t ion   (Reference  3 ,  pp 66-69)  and 
of CO and H 2 0  should  not  exceed 
( s e e  Appendix C ) .  
2 
2 
t o  promote the carbon deposi t ion reac-  
t h a t  t h e  o v e r a l l  d e g r e e  of decomposition 
about 0.7 t o  i n s u r e  l o n g  c e l l  l i f e  
Cont ro l  of H concen t r a t ion  a t  t h e  e l e c t r o l y z e r  e x i t  was e f f e c t e d  2 
by means of  a n e e d l e  v a l v e  i n  t h e  'vacuum l i n e  between the palladium tube 
manifold  and  the vacuum pump ( see  F ig .  9 ) .  Th i s  va lve  w a s  u s e d  t o  c o n t r o l  
t he  man i fo ld  p re s su re  wh ich ,  i n  tu rn ,  a f f ec t ed  the  p re s su re  d rop  ac ross  
the   pa l lad ium membranes. Rega rd le s s   o f   t he   va lve   s e t t i ng ,   t he   concen t r a t ion  
of H2 i n  t h e  s y s t e m  a d j u s t e d  i t s e l f  a u t o m a t i c a l l y  u n t i l  t h e  p e r m e a t i o n  
rate through the membranes equa led  the  rate of H2 i npu t  as water. 
Control  of  the degree of  decomposi t ion w a s  e f f e c t e d  by va ry ing  
the   r ecyc le  rate. A s  t h e   r e c y c l e  rate is  inc reased ,   t he   deg ree   o f  decom- 
p o s i t i o n  d e c r e a s e s  u n t i l  l i m i t e d  by equ i l ib r ium of the  carbon depos i t ion  
r e a c t i o n  or by t h e  r e a c t i o n  c a p a c i t y  of t h e  r e a c t o r .  The degree  of decom- 
p o s i t i o n  c a n  a l s o  b e  i n f l u e n c e d  by  vary ing  the  reac tor  tempera ture .  
4.5 Instrumentation  and  Measurements 
The ins t ruments  and  measur ing  techniques  used  to  acqui re  da ta  
on the breadboard system are outlined below: 
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1. CO f eed  rate 2 
a) Mass flowmeter - Hastings-Raydist ,  Model CLL500 
b )  C a l i b r a t e d  w e t  test meter f o r  i n t e g r a t i n g  f l o w  - American 
Meter Company, Model AL-17-1 
c )  P r o p o r t i o n a l  c o n t r o l l e r  i n  a u x i l l a r y  f e e d  stream w i t h  
e l e c t r o n i c  s e n s i n g  element mounted on one l e g  of water 
manometer - Matheson Gas Products,  Lab-Stat  Model 8220. 
2. H20  f eed  rate 
a )  Water s a t u r a t o r  t e m p e r a t u r e  c o n t r o l l e r  - Cole-Parmer 
Model T E 1  
b) Weighed  make-up water added  each  day 
3.  Oxygen output- 
a )   F loa t   t ype   f l owmete r  - Matheson Gas Products ,  Model  620 
b )  Ca l ib ra t ed  w e t  test meter f o r  i n t e g r a t i n g  f l o w  - American 
Meter Company,  Model AL-17-1 
4 .  Carbon  output 
a )  Emptied  carbon j a r  every  other  day  and  weighed  deposit 
5. Hydrogen ou tpu t  
a )  Thermocouple  vacuum  gauge c a l i b r a t e d   t o   i n d i c a t e   h y d r o g e n  
f low - Hast ings-Raydis t ,  Model VT-4 
b)  Ca l ib ra t ed  w e t  test meter t o  i n t e g r a t e  f l o w  - American 
Meter Company, Model AI.,-17-1 
6. Recycle  flow rate 
a)   F loa t   type   f lowmeter  - Matheson Gas Products ,  Model  620 
7. E l e c t r o l y s i s   c u r r e n t  
a )  Cons tan t  cu r ren t  power supply  - Hewlett-Packard  Model 6428B 
b )   Ca l ib ra t ed  ammeter 
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8 .  Driv ing   vo l t age  
a) C a l i b r a t e d   v o l t m e t e r  
b)  Voltmeter  on  power  supply 
9. E l e c t r o l y s i s   f u r n a c e  power 
a )  Var i ab le  t r ans fo rmer  and  ammeter fo r  each  fu rnace  zone  
b )   L ine   vo l t age   r egu la to r  
10. Carbon d e p o s i t i o n   f u r n a c e  power 
a)   Variable   t ransformer  and ammeter fo r   each   fu rnace   zone  
b)   L ine   vo l tage   regula tor  
11. Temperature  measurements 
a )   Thermocouple   th rough  furnace   wal l   in   each   furnace   zone  
b )   E i g h t   t h e r m o c o u p l e s   a t t a c h e d   t o   s t a c k s   i n s i d e   e l e c t r o l y s i s  
u n i t  
c )   The rmocoup le   p robe   i n s ide   s c rape r   sha f t  of  carbon 
d e p o s i t i o n  r e a c t o r  
d)  Thermocouple i n  b a s e  p l a t e  of e l e c t r o l y s i s  u n i t  
1 2 .  Pressure  measurement 
a)  Oxygen manifold - diaphragm  gauge, 0 t o  10" water ,   Marshal l -  
town Mfg. 
b )   E l e c t r o l y z e r   e x i t  - same 
c )   Ca rbon   depos i t i on   r eac to r   ex i t  - same 
d)  Between f i l t e r  and r e c y c l e  pump - same 
e) Palladium  tube  manifold - Wallace & Tiernan,  No. FA-16030 
f )  Between hydrogen control valve and vacuum pump - Hastings- 
Rayd i s t ,  Model VT-4 
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13.  Chemical  analysis (See Appendix I) 
Oxygen product  - g r a v i m e t r i c  a n a l y s i s  f o r  CO and H20 
twice p e r  week.  Occasiona1 mass spec t romete r  ana lys i s .  
Carbon product - g r a v i m e t r i c  a n a l y s i s  f o r  i r o n  e v e r y  
fou r th  day .  Occas iona l  ana lys i s  fo r  ca rbon  and  hydrogen. 
Hydrogen product - g r a v i m e t r i c  a n a l y s i s  f o r  CO and H 0 
once  each week. Occasional  mass spec t rometer  ana lys i s .  
E l e c t r o l y z e r  e x i t  g a s  - mass spec t rometer  ana lys i s  once  
each week. 
Carbon depos i t ion  reac tor  ex i t  gas  - mass spec t rometer  
analysis  once each week. 




5. RESULTS OF LIFE TEST 
5.1  Overal l   Performance 
The 180-day l i f e  test was s t a r t e d  on Ju ly  9 ,  1970 and  was 
completed successfully on January 8,  1971. Total  oxygen production was 
1,159 CU f t . The production rate, which was c o n s t a n t  w i t h i n  a few p e r c e n t ,  
averaged  0.254 man. The  power requi red  var ied  f rom 242 wat ts /man to  313 
watts/man with an average requirement of 283.5 watts/man (i .e.  , to  produce  
2.0 Ibs/day of 02. 
The r e l i a b i l i t y  of t h e  e l e c t r o l y s i s  u n i t  e x c e e d e d  a l l  expecta- 
t i o n s .  Even though s ix  of t h e   e l e c t r o l y s i s   s t a c k s  (Nos. 1, 2, 3 ,  4,  5, 
and 11) were r u n  t h r o u g h o u t  t h e  l i f e  test and produced more than 95% of 
t h e  t o t a l  oxygen,  not a s i n g l e  ce l l  f a i l e d .  The t o t a l  o p e r a t i n g  time 
of t h e s e  s t a c k s ,  i n c l u d i n g  open l o o p  t e s t i n g  p r i o r  t o  t h e  l i f e  tes t ,  was 
more than 200 days. 
Carbon production was 26.45 l b  and t h e  w e i g h t  o f  i r o n  c a t a l y s t  
consumed by the  carbon was 0 .72  lb .  The  weight  ra t io  of c a r b o n  t o  i r o n  
was 36.7 t o  1, a s u b s t a n t i a l  improvement  over  the rat io  of  27 t o  1 
achieved i n  the  p rev ious  inves t iga t ion  (Refe rence  3 ,  p. 78). 
A d a t a  l o g  o f  t h e  l i f e  test is g i v e n  i n  Appendix H.  
5.1.1 Operation and  Maintenance T ime  
Operat ion of  the  sys tem was s t a b l e  and l i t t l e  o p e r a t o r  time 
was needed f o r  c o n t r o l .  A f t e r  t h e  f i r s t  10 days of t h e  l i f e  test, t h e  
appa ra tus  was comple te ly  una t tended  for  15 hours each day on  week days 
and f o r  20 hours each day on weekends. 
Both hydrogen removal and carbon deposition were s e l f - r e g u l a t i n g .  
An u p s e t  of e i t h e r  f rom the  s t eady  state condi t ion  caused  an immediate 
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change i n  t h e  r e c y c l e  g a s  c o m p o s i t i o n  
removal rate o r  t h e  c a r b o n  d e p o s i t i o n  
which  tended  to  re turn  the  hydrogen  
rate t o  its o r i g i n a l  level. 
Operator time, o the r  t han  tha t  needed  fo r  t ak ing  da ta ,  ave raged  
about 18 min. per day of which 1 2  min. per  day was u s e d  f o r  t h e  s c r a p i n g  
and removal of carbon. The carbon deposit t7as scraped twice each day and 
t h e  c o l l e c t i o n  j a r  v7as emptied once every two days.  
Total  maintenance time t7as 1098 min.  This time was used ,  fo r  
t h e  nost p a r t ,  f o r  c l e a n i n g  t h e  f i l t e r s  a h e a d  o f  t h e  r e c y c l e  pumps, f o r  
l o c a t i n g  a n d  r e p a i r i n g  g a s  l e a k s ,  a n d  f o r  i d e n t i f y i n g  l e a k i n g  p a l l a d i u m  
membranes. 
Leaking palladium membranes cons t i tu ted  the  only  major  equip-  
ment f a i l u r e .  Of s i x  membranes t h a t  ~-7ere i n s t a l l e d ,  o n l y  o n e  s u r v i v e d  
t h e   l i f e  tes t .  Three membranes c racked   u r ing   p re l imina ry   t e s t ing  
of  the system and t b 7 0  deve loped  s low leaks  dur ing  the  l i f e  tes t  i t se l f .  
The separate  maintenance tasks  and time consumed fo r  each  are 
l i s t e d  i n  T a b l e  I. 
5.1.2 Operating  Adjustments 
Several a d j u s t m e n t s  i n  t h e  o p e r a t i o n  of t he  sys t em were 
n e c e s s a r y  d u r i n g  t h e  l i f e  test. A l l  were accomplished , ho~qever , wi thou t  
reducing  the  rate of oxygen production. This i s  shown  by Tab le  II and 
Fig .  13 ,  Summar iz ing  the  opera t ing  condi t ions  and  resu l t s  of  the  test. 
The first s i g n i f i c a n t  a d j u s t m e n t  ~7as t o  change the temperature  
p r o f i l e  of the  ca rbon  depos i t i on  r eac to r  t o  improve  r eac to r  pe r fo rmance .  
This  change,  ~7hich ~7as made  on the  41s t  day ,  is d i scussed  i n  Sect ion 5.4.1.  
the 75th day one of t h r e e  o p e r a t i n g  p a l l a d i u m  membranes ~7as 
closed  off   because of excessive  leakage.   The two remaining membranes  had 
a m p l e  c a p a c i t y  t o  m a i n t a i n  t h e  rate of hydrogen removal a t  the o r i g i n a l  
l e v e l  a d  no change i n  o p e r a t i n g  c o n d i t i o n s  1.7as requ i r ed .  However,  on 
t h e  142nd day, after a second palladium membrane c7as removed from Service, 
the  hydrogen  sepa ra t ion  capac i ty  v7as no longer adequate and it v7as neces- 
s a r y  t o  dec rease  the hydrogen production rate b y  l o ~ 7 e r i n g  t h e  water feed  
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TABLE I 
MAINTENANCE ON BREADBOARD SYSTEM 
DURING LIFE TEST 
Time 
Min . Test Required, Day Maintenance Task 























Clean s ta inless  s teel  inl ine filter 
Repair gas leak 
Clean oxygen flowmeter 
Clean carbon deposition reactor gas outlet 
Clean s ta inless  s teel  and coarse f i l t e r s  
Clean s ta inless  s teel  and coarse f i l t e r s  
Clean pressure gauge l ine  
Clean s ta inless  s teel  and coarse f i l t e r s  
Clean stainless steel  and coarse f i l t e r s  
Clean s ta inless  s teel  and coarse f i l t e r s  
Clean f i l t e r s  and i n s t a l l  new pump 
Replace toggle valve 
Clean coarse f i l t e r  
Clean s ta inless  s teel  and coarse f i l t e r s  
Clean coarse f i l t e r  
Clean CDR in le t  and outlet lines 
Clean coarse f i l t e r  
Clean'coarse f i l t e r  
Clean recycle flowmeter 














































Routine  Tasks : 
Clean s t a in l e s s  s teel  and coa r se  f i l ters  
Clean oxygen flowmeter 
C l e a n  s t a i n l e s s  s teel  a n d  c o a r s e  f i l t e r s  
\‘,lean s t a i n l e s s  steel  f i l t e r  
C l e a n  s t a i n l e s s  s tee l  and c o a r s e  f i l t e r s  
R e p l a c e  s t a i n l e s s  s tee l  f i l t e r  e l e m e n t s  
C l e a n  s t a i n l e s s  s t ee l  and c o a r s e  f i l t e r s  
C l e a n  s t a i n l e s s  s tee l  and c o a r s e  f i l t e r s  
Rep lace  coppe r  tube  f i t t i ng  
Replace furnace thermocouple 
C l e a n  s t a i n l e s s  s teel  and c o a r s e  f i l t e r s  
T o t a l  
Ssnr -u t ine  Tasks :  
Break up c a r b o n  b r i d g e  i n  CDR 
Replace  water  ba th  tempera ture  cont ro l le r  
Pal ladium tube leak check 
Palladium tube leak check 
Electrical  check  o f  e l ec t ro lys i s  s t acks  
Pal ladium tube leak check 
Replace  water  ba th  tempera ture  cont ro l le r  
Remove water  f rom pressure l ines  and 
r ecyc le  pump 
Base p l a t e  coo l ing  water rep laced  wi th  a i r  
T o t a l  



























RESULTS  OF 180 DAY L I F E  TEST 
co2 
Avg , 
Test   Feed 
H z 0  Recycle Oxygen  Hydrogen  Carbo E l e c t .  CURb E lec t .   S t a ks   Cur ren t   Dr iv ing   Cur ren t  Oxygen  Power 
Days  cc/miAa  cc/mina  cclmina cc/mina cc/mina g/day 
Feed,  low,  Produced, Removed, Produced, Temp.,  Temp., Curren t ,  in Densitz,  Voltage, E f f .  , P u r i t y ,   P e r  Uan, 


























102 .8  
103.8 
106.9 








123 .1  
122.7 
58 .1  1373 








































53 .3  71.8 
54.2 69.9 
52.5 69 .7  
56 .3  67 .1  
54.9 65.4 
54.0 65.8 
53 .1  69.2 
52 .1  62.4 
44.4 6 5 . 1  
26.9 64.6 





















530 5.26 7 
530 5 .31  7 
542 5.59 7 
542 5.64  6 
552 5.69  6 
552 5.70  6 
549 5.70  6 
547 5 .71  6' 
548 5.70  6 
546 5.70  6 
548 5.70  6 
546 5.70  6 
552 5.72  6 
554 5.80  6 
557 5.80  6 
558 5.80  6 
558 5.82  6 









158 .3  
158.3 
158.3 
158 .3  
158 .8  
161 .1  




12.2 87.2 97 .0  
12.6 84.8 96.0 
12.7 82.4 96.6 
12.6 82.5 96.5 
12 .7  83.8 96.5 
12 .8  83.0 96.5 
12 .8  82.7 96.0 
12 .5  81.8 96.5 
12 .8  81.9 96.0 
12.6 80.8 96.0 
12.7 80.9 95.5 
12.7 80.9 94.5 
1 2 . 8  79.8 95.0 
12.9 80.0 94.0 
12.7 78.1 95.0 
12 .8  78.1 93.8 
12.9 78.2 94.5 



















a Flow a t   a m b i e n t   c o n d i t i o n s  (25OC and  735 mm Hg) 
b CDR = Carbon  Deposi t ion  Reactor  
c Ten s t acks  were  used  fo r  32 hours   and  8   s tacks  were  used for  16  hours  on days 77  and 78 
. " 
80- Carbon Oulput 
Hydrcqen Output -1 
Days 
Fig.  13 -- Average inputs and ou tpu t s  of m a t e r i a l s  
5 d a y  p e r i o d s  i n  l i f e  t e s t .  
IM 140 150  1M I70 1 8 0  
f o r  c o n s e c u t i v e  
r a t e .  The CO f e e d   r a t e  was i n c r e a s e d   a t   t h e  same 
of  oxygen production  would  remain  constant.   These 
i n  columns 1, 2 ,  and 5 of Table 11. 
2 time s o  t h a t  t h e  r a t e  
changes  a re  r e f l ec t ed  
The a b i l i t y  of t h e  s y s t e m  t o  o p e r a t e  s a f e l y ,  e v e n  when unat tended,  
was demonstrated on the   77th  day.   During  the  night ,  a jan i tor   unplugged  
t h e  power l e a d s  t o  two zones of t h e . e l e c t r o 1 y s i s  f u r n a c e .  When t h e  f u r -  
n a c e  s t a r t e d  t o  c o o l ,  a s a f e t y  s w i t c h  s h u t  o f f  t h e  e l e c t r o l y s i s  c u r r e n t  
t o  p r o t e c t  t h e  cells .  On d i scove ry  of t h e  mishap  seven  hours la ter ,  t h e  
system was placed on open loop and the furnace was heated s lowly back 
to  the  ope ra t ing  t empera tu re .  C losed  loop  ope ra t ion  w a s  then  resumed. 
The t o t a l  down t i m e  was 15 hours .  For  the next  few days  the  sys tem was 
run a t  a low c u r r e n t  d e n s i t y  (by o p e r a t i n g  1 0  s t a c k s )  w h i l e  t h e  c o n d i t i o n  
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of t h e   s t a c k s  was checked. No damage w a s  de t ec t ed .  The lower   cur ren t  
d e n s i t y  d u r i n g  t h i s  p e r i o d  was r e s p o n s i b l e  f o r  t h e  d r o p  i n  power requi re -  
ment p e r  man t h a t  is shown i n  column 15 of Table I1 f o r  test days 71-80. 
(The "down1' per iod   over lapped  two test days.   Since  complete   data  were 
n o t  a v a i l a b l e  f o r  t h e s e  two days,   both were omit ted  f rom  the l i f e  test . 
and t h e  test was extended two days.)  
No opera t ing  ad jus tment  was needed t o  c o u n t e r a c t  n i t r o g e n  
accumula t ion   in   the   sys tem.   Ni t rogen  was in t roduced  as an  impur i ty  in  
t h e  CO feed  which was a commercial  grade of gas  conta in ing  0.05 t o  
0.10% N 2 .  The concen t r a t ion  of N i n   t h e   r e c y c l e  stream inc reased  
2 
u n t i l  t h e  r a t e  of i npu t  was o f f s e t  by small l e a k s  and  by l o s s e s  o c c u r r i n g  
during  carbon  removal.   The  average  concentration was about  6% bu t  concen- 
t r a t i o n s  up t o  12% were observed. The presence  of   ni t rogen a t  these  
l e v e l s  seemed t o  h a v e  n o  a d v e r s e  e f f e c t s  on the performance of  the system. 
2 
Although a trace of methane w a s  genera ted  in  the  carbon depos i -  
t i o n  r e a c t o r ,  i t  was subsequent ly  decomposed i n  t h e  e l e c t r o l y s i s  u n i t  
( w i t h o u t  c a r b o n  d e p o s i t i o n )  a n d ,  i n  c o n t r a s t  t o  t h e  b e h a v i o r  of n i t rogen ,  
no  bui ldup  occurred.  The average   concent ra t ion  of CH i n   t h e   c a r b o n  
d e p o s i t i o n  r e a c t o r  e x i t  g a s  was 0.10%. The maximum concentrat ion  observed 
was 0.23%. 
4 
5.2  Overal l   Mater ia l   Balances 
Table  I11 p r e s e n t s  o v e r a l l  material ba l ances  fo r  days  0-100, 
0-140,  0-180. (A s a m p l e  c a l c u l a t i o n  f o r  a 5-day per iod  is g i v e n  i n  
Appendix J . )  Closure of t h e  material ba lances  i s  extremely  good.  The 
major  devia t ion  i s  f o r  c a r b o n  d u r i n g  t h e  f i n a 1  40 days of the test .  
The  good material ba l ance  c losu re  l ends  conf idence  to  the  da t a  r epor t ed .  
It c a n  b e  a t t r i b u t e d  t o  t h e  u s e  of c a l i b r a t e d  wet tes t  meters t o  i n t e -  
g r a t e  g a s  f l o w s  a n d  t o  f r e q u e n t  a n a l y s i s  of t h e  oxygen,  hydrogen,  and 
carbon products .  
The most  important  information obtained from the overal l  




OVERALL MATERIAL BALANCES 
_ _ ~  - 
0-100 Days 0-140 Days 0-180 Days 
Carbon 
~ 
cu f t  cu f t  cu f t  
~~ 
Input :  as C 0 2  518.02  741.53  994.08 
Output :   Sol id   carbon (C02 equiv .) 491.20  685.24 88 .13 
as C02 i n  Oxygen 19.07  31.24  41.87 
as C02 i n  Hydrogen 2.72   4 .84   8 .23  
as CO i n  Hydrogen 3.32   5 .92   10 .05  
T o t a l  516.31  727.24  942.38 
Devia t ion  -0 .33%  -1.90%  -5.34% 
Hydrogen 
Input  : as  H20 
Output: as H2 
as Hz0 i n  Hydrogen 
as Hz0 i n  Oxygen 
T o t a l  
Devia t ion  
Oxygen 
Input :  as  C02 
as  Hz0 
T o t a l  
282.00  391.75  448.52 
267.36 375.67 429.07 
0.67 1 . 1 9  2.03 
6.36 1 0 . 4 1  1 3 . 9 6  
274.39  387.   445.06 
-2.73%  -1.15%  -0.77% 
518.02 741.53  994.08  
1 4 1 . 0 0  195.88  224.27 
659.02 937.41  1218.35  
Output: as 02 648.34  904.40  1158.56
as  C02 i n  Oxygen 19.07  31.24  41.87 
as Hz0 i n  Oxygen 3 .18   5 .21   6 .98  
as C02 i n  Hydrogen 2 .72   4 .84   8 .23  
as CO i n  Hydrogen 1 .66   2 .96   5 .03  
as  H20 i n  Hydrogen 0.34   0 .60   1 .02  
T o t a l  675.31  949.25  1221.69 
Devia t ion  +2.44% +l. 25% +o. 27% 
N e t  conversion of C 0 2  and H20 t o  O2 98.4%  96.5%  95 .l% 
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i n p u t  in C 0 2  and H20. Table 111 shows t h a t  95.1% was converted  during 
t h e  e n t i r e  180  days. O f  t h e  4.9% l o s t ,  1.1% was l o s t  t o  t h e  H off-gas  
a n d ,  i n  a space  cabin ,  would  be  los t  to t h e  s p a c e  vacuum. The  remaining 
3.8% would  be  recyc led  to  the  cabin  wi th  the  brea thable  oxygen.  
2 
5 . 3  Elec t ro lys i s   Uni t   Per formance  
5 .3 .1   Opera t ing   Charac t e r i s t i c s  
The e l e c t r o l y s i s  u n i t  e a s i l y  s u r v i v e d  t h e  l i f e  test wi th  only  
occasional   use  of   any  of   the  redundant   s tacks.   Performance  of   the  s tacks 
u s e d  w a s  ou t s t and ing .  The v a r i a t i o n s  w i t h  time i n  d r i v i n g  v o l t a g e ,  c u r r e n t  
e f f i c i e n c y ,  power consumption and oxygen purity are shown i n  F i g .  1 4 .  
The d r i v i n g  v o l t a g e  p e r  s t a c k  ( i n c l u d i n g  e lec t r ica l  leads)  averaged 1 2 . 2  















- 1W~ Oxyqen Purity 
; u 9 5 5  ==" : ~ f 
a w )  
Fig.  14 -- Performance of e l e c t r o l y s i s  u n i t  v e r s u s  d a y s  o f  o p e r a t i o n  
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v o l t s  i n  t h e  f i r s t  t e n  d a y s  a n d  1 2 . 9  v o l t s  i n  t h e  f i n a l  t e n  d a g s .  The 
co r re spond ing  va lues  fo r  cu r ren t  e f f i c i ency  were 87.2% and 76.6%. 
A comparison of the performance of the 1/4-man e l e c t r o l y s i s  
u n i t  w i t h  t h a t  of t h r e e - c e l l  s t a c k s  u s e d  i n  a pre l iminary  s tudy  of t h e  
e f f e c t s  Of Operat ing condi t ions (see Appendix C) is shown i n  T a b l e  Iv. 
The d r i v i n g  v t l t a g e / c e l l  f o r  t h e  1/4-man u n i t  is  h igher  because  no correc-  
t i o n  f o r  l e a d  r e s i s t a n c e  was made and because  po la r i za t ion  was h i g h e r .  
The h i g h e r  p o l a r i z a t i o n  r e s u l t e d  f r o m  p o o r  g a s  c i r c u l a t i o n  i n  t h e  
unit  (see Appendix F . 3 ) .  
TABLE IV 
COMPARISON OF PERFORMANCE OF THREE-CELL 




Active Area/Cell, cm2 
Current Density,  ma/cm2 




Degree of Decomposition 
Oxygen Purity, % 
Initial 
Final 
Current Efficiency, % 
Initial 
Final 




Time in Operatlon, days 
Degradation Rate, watts/man/day 




















a. Statistical correlation of preliminary  test  results 
where t - days of operation. 
b. No lead resistance correction. 
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1/4-Man  Unit 
















l a r g e r  
The l o w e r  c u r r e n t  e f f i c i e n c y  i n  t h e  180-day test  was d u e  t o  
an e lec t r ica l  leak to  g round ,  which p a r t i a l l y  s h o r t e d  s t a c k  1 2 .  T h i s  
s t a c k  was i n t e r n a l l y  c o n n e c t e d  i n  series wi th  S tack  11 which w a s  one 
of  the  opera t ing  s tacks .  The  ground was caused  by  Stack 1 2  c o n t a c t i n g  
the  hous ing  o r  a broken palladium membrane. 
The d e c l i n e  i n  c u r r e n t  e f f i c i e n c y  w i t h  t i m e  was caused mainly 
by  increased  ground shunt  cur ren t  which  var ied  f rom 5.7% i n i t i a l l y   t o  
11.9% on the  180th  day.  Only 30% o f  t h e  d e c l i n e  c a n  b e  a t t r i b u t e d  t o  
inc reased  gas  l eakage  th rough  the  c e l l  j o i n t s .  A breakdown  of t h e  d i f -  
f e r ence  be tween  the  theo re t i ca l  cu r ren t  e f f i c i ency  and  the  measu red  
e f f i c i e n c y  i s  p r e s e n t e d  i n  T a b l e  V .  The c a l c u l a t i o n  o f  t h e  t h e o r e t i c a l  
cu r ren t   e f f i c i ency   and   an   e s t ima t ion  of c u r r e n t   l o s s e s  are g i v e n  i n  
Appendix F ,  Sec t ions  F4 and F5. 
TABLE V 
BREAKDOM OF CURRENT EFFICIENCIES 
OF ELECTROLYSIS STACKS VERSUS TIME 
T h e o r e t i c a l  
E f f i c i e n c y ,  
C u r r e n t  





9 4  ! Due t o  - A €  Gas L e a k a g e ,  % -2 .7 -2 .9 - 3 . 4  - 3 . 8  - 5 . 5  Measured  Due t o  E f f i c i e n c y ,  I E s t .  by  D i f f . ,  % % 8 7 . 6  9 . 4  8 2 . 7  5 . 7  1 1 . 9  76 .6  1 1 . 3  7 9 . 9  8 . 2  8 3 . 4  
. . . ~ . . . ~ _  _ _  . .
-Ac 
G r o u n d   S h u n t  
Due t o  
Est. f r o m   C u r r e n t  




8 . 8  
The  power deg rada t ion  ra te  f o r  t h e  1/4-man u n i t  was O.lG%/day. 
Th i s  was lower  than  exper ienced  wi th  the  three-ce l l  s tacks  which  degraded  
a t  a ra te  of  0 .2O%/day.  
The r ise  i n  d r i v i n g  v o l t a g e  d u r i n g  t h e  l i f e  tes t  o f  t h e  1/4-man 
u n i t  was d u e  t o  g r a d u a l  i n c r e a s e s  i n  b o t h  c e l l  r e s i s t a n c e  a n d  p o l a r i z a t i o n .  
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This was c l e a r l y  shown b y  c u r r e n t  i n t e r r u p t  tests which are summarized 
i n  Table V I .  Res is tance  rose  an  average  of 40% and p o l a r i z a t i o n  r o s e  
60% f o r  t h e  s i x  o p e r a t i n g  s t a c k s .  The unused s tacks were found t o  have 
almost  the same r e s i s t a n c e  a t  t h e  e n d  of the  test as they  had  a t  the  
time of i n i t i a l  b r e a k - i n .  
TABLE V I  
AVERAGE CELL RESISTANCE AND POLARIZATION 
OF ELECTROLYSIS STACKS VERSUS TIME 
125 I" = I ?  
IR = 
1 
- - -~ 
0 . 2 5  
0 .27  
0 . 2 6  
0 . 3 6  
0 .34  
0 . 3 8  
0 .36  
0 . 4 1  
0 .35  




T e s t  Stack Number 
Day  Avg . 11 5 4 3 2 
. . . ." " " - " 
0.25 
0 . 3 2  0 . 2 9   0 . 3 7   0 . 3 0   0 . 3 0  
0 . 2 9   0 . 3 3   2 . 3 3  0 . 2 4   0 . 3 0   0 . 2 4  
0 .28   0 .27  0 . 3 3  0.28  0.27 
. 
0 .33   0 .4   0 .33   0 .34  
0 . 4 2   0 . 3 5   0 . 4 0  
0 .43   0 .34   0 .37  
a .  A t  s t a r t  of  open  loop  runs, 33 d a y s  b e f o r e  s t a r t  of l i f e  test 
b .  R = c e l l   r e s i s t a n c e ,  ohms 
c .  v = p o l a r i z a t i o n   v o l t a g e ,   v o l t s  
P 
The e l e c t r o l y s i s  c u r r e n t  t o  e a c h  o p e r a t i n g  s t a c k  w a s  measured 
occas iona l ly  to  de t e rmine  the  un i fo rmi ty  o f  cu r ren t  d i s t r ibu t ion  and  to  
detect  changes that  would indicate  a decl ine in  performance of  a s t a c k .  
The r e s u l t s ,  g i v e n  i n  Table V I I ,  show t h a t  c u r r e n t  d i s t r i b u t i o n  was 
a lmost  cons tan t  wi th  t i m e ;  the  s tacks  aged  uni formly .  
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TABLE V I 1  
PERCENTAGE OF TOTAI, CURRENT CARRIED 
BY INDIVIDUAL STACKS 


















15 .0  
1 6 . 1  
Stack 1 
2 1 3  
 
18.3 
17 .4  
14.6  14.5 
13.9 15.5 
13.0 15.1 












14 .8  
14 .8  
14 .7  
5 
13 .4  
13.5 
15.4 














Stacks 1, 2, 3,  4,  and 5 car r ied   approximate ly   the  same 
e l e c t r o l y s i s  c u r r e n t .  S t a c k  11 appea red   t o   ca r ry  a much h i g h e r  c u r r e n t ,  
due  mainly  to  the  ground  shunt  through  Stack 1 2 .  The t r u e  c u r r e n t  
d e n s i t y  of S tack  11 was p robab ly  h ighe r  t han  tha t  of t he  o the r  ope ra t ing  
s t a c k s ,  however, because i t  was loca ted  ups t ream and opera ted  in  gas  
of lower decomposition voltage.  
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. .  . 
F i g .  15 - Electrolysis u n i t  w i t h  housing removed a t  end of 
180-day l i f e  t e s t .  
- 45 - 
L" ' - 
5.3.2 Condit ion of E l e c t r o l y s i s  U n i t  A f t e r  Test 
A f t e r  t h e  l i f e  tes t  t h e  e l e c t r o l y s i s  u n i t  was cooled s lowly 
t o  room temperature   and  disassembled  for   visual   inspect ion.   Except   for  
two broken s tacks,  one of which was broken  dur ing  cons t ruc t ion  of  the  
u n i t ,  t h e  s t a c k  a s s e m b l y  l o o k e d  a l m o s t  l i k e  new. No e lec t rode   evapora-  
t i o n  o r  p e e l i n g  w a s  noted and no carbon had formed anywhere inside the 
chamber.  The in su la t ion  a round  the  base  tubes  of t h e  s t a c k s  was sound, 
a l though discolored where i t  had touched the copper  plat ing on t h e  
housing wal l .  A photograph  of  the  in te r ior  of t h e  u n i t  i s  shown i n  
Fig.   15.  
The i n l e t  and o u t l e t  t u b e s  were completely free  of  carbon 
depos i t s .  The c o p p e r  l i n i n g s  were c lean  and  br ight  and  appeared  to  be  
una f fec t ed  by  the  tes t .  The  Inconel   exi t   tube,   however ,   had become 
e m b r i t t l e d  a n d  b r o k e  n e a r  t h e  a t t a c h m e n t  t o  t h e  h o u s i n g  w h i l e  t h e  t u b e  
w a s  being  disconnected  from  the  system  piping.  Metallographic  examina- 
t i on  r evea led  tha t  t he  tube  had  been  embr i t t l ed  by e x t e n s i v e  i n t e r n a l  
ox ida t ion  a long  the  g ra in  boundar i e s ,  as shown in  F ig .  16 .  
S i m i l a r  embri t t lement  
of t h e  I n c o n e l  s h e l l  of t h e  e l e c t r o -  
lyzer  did  not  occur.   Samples  cut  from 
t h e  wal l  of t h e  i n l e t  and o u t l e t  
compartments were o n l y  l i g h t l y  o x i -  
d ized  on t h e  i n s i d e  and o u t s i d e  s u r -  
f a c e s  and  showed l i t t l e  ox ida t ion  
a long   g ra in   boundar i e s .  The d i f f e r -  
ence  in  behav io r  o f  t he  she l l  and 
the  gas  ex i t  t ube  may have been due 
to   contaminat ion   of   the tube  by copper a t  f r a c t u r e .  l O O X  
f rom the  l iner ,  thereby  reducing  the  
Fig.  16 -- Inconel  exi t  tube  
o x i d a t i o n  r e s i s t a n c e  of the  Incone l .  
Although oxidation of t h e  g a s  e x i t  t u b e  c a u s e d  n o  d i f f i c u l t y  i n  
the  180-day l i f e  tes t ,  a change i n  t h e  m a t e r i a l  o f  c o n s t r u c t i o n  o f  t h e  
two g a s  l i n e s  s h o u l d  b e  c o n s i d e r e d  t o  i n s u r e  a d e q u a t e  l i f e .  A metal 
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a l l o y  i s  needed that  is resistant t o  o x i d a t i o n  a t  the opera t ing  tempera ture  of 
of t h e  e l e c t r o l y z e r  and i s  a l s o  n o n c a t a l y t i c  t o  c a r b o n  d e p o s i t i o n  a t  
lower  temperatures.  
5 . 4  Carbon  Deposit ion  Reactor  Performance 
5 .4 .1   Opera t ing   Charac t e r i s t i c s  
The performance of the  carbon depos i t ion  reac tor  can  be  eva lu-  
a t e d  on t h e  b a s i s  o f  i ts  a b i l i t y  t o  m a i n t a i n  t h e  d e g r e e  o f  d e c o m p o s i t i o n  
(DD) o f  t h e  g a s ' a t  t h e  e l e c t r o l y z e r  exi t  a t  the design value of  0.60 o r  
less. The p l o t  of DD i n  F i g .  1 4  shows that the  performance was inadequate  
d u r i n g  t h e  f i r s t  40 test d a y s  o f  t h e  l i f e  test b u t  was s a t i s f a c t o r y  t h e r e -  
a f te r .  Poor  per formance  a t  t h e  start was found t o  b e  due t o  an  incor rec t  
t e m p e r a t u r e  p r o f i l e .  The r e a c t o r  was co ldes t  a t  t h e  e n t r a n c e  and t h e  
temperature   increased  toward  the  exi t .  When t h e   i n l e t   t e m p e r a t u r e  w a s  
r a i s e d  30°C t o  a b o u t  540°C  and t h e  o u t l e t  t e m p e r a t u r e  was lowered 30°C t o  
510"C,  immediate  improvement  resulted. The new p ro f i l e   appa ren t ly   p ro -  
moted a h i g h e r  r e a c t i o n  rate a t  the  en t r ance  where  k ine t i c s  was con t ro l -  
l i n g  and a l s o  a t  t h e  e x i t  where equi l ibr ium w a s  c o n t r o l l i n g .  
A more exact index of performance than degree of decomposition 
i s  t h e  r a t i o  o f  CO t o  CO i n  t h e  e x i t  g a s  -- t h e  h i g h e r  t h i s  r a t i o ,  t h e  
be t t e r   t he   pe r fo rmance .  ( A t  r a t i o s  above  1.15,  the  degree  of  decomposition 
va lue  was u s u a l l y  a t  0.6 or  below,  which was t h e  d e s i r e d  c o n d i t i o n . )  A 
p lo t  o f  t he  C02 t o  CO r a t i o  v e r s u s  test day i s  p r e s e n t e d  i n  F i g .  1 7  to-  
ge ther  wi th  p lo ts  showing the  H2 concen t r a t ion  o f  t he  ex i t  gas  and  the  
i ron  con ten t  o f  t he  ca rbon  depos i t .  These  th ree  p lo t s  show a d e f i n i t e  
c o r r e l a t i o n  w i t h  e a c h  o t h e r  t h a t  i s  p a r t i c u l a r l y  e v i d e n t  f o r  d a y s  110 
through  145, a per iod   in   which   the  H2 concen t r a t ion   ro se   t o   ove r  8%. (The 
rise i n  H concen t r a t ion  w a s  caused by t h e  d e c l i n e  i n  p e r f o r m a n c e  of t h e  
f i f t h  p a l l a d i u m  membrane.)  Hydrogen is known t o  promote  the  carbon 
depos i t ion   reac t ion   (Reference  3,  pp. 66-69).  Figure  1 7  i n d i c a t e s   t h a t  




t h a t  t h e  H2 concent ra t ion  should  be  kept  be low 4 o r  5 p e r c e n t  t o  
p reven t  excess ive  l o s s  o f  i r o n .  
Power consumption by t h e  c a r b o n  d e p o s i t i o n  r e a c t o r  was 132 
watts.  An o v e r a l l  h e a t  b a l a n c e  f o r  t h e  r e a c t o r  i s  p r e s e n t e d  i n  Appen- 
d i x  K .  
* 10.0 







Fig.  17 -- Performance of  carbon depos i t ion  reac tor  versus  days  
of  opera t ion  
5 . 4 . 2  P o s t  Test C h a r a c t e r i z a t i o n  
Af te r  comple t ion  o f  t h e  l i f e  test  the  carbon depos i t ion  
r e a c t o r  was ope ra t ed  as a s i n g l e  component a t  c o n d i t i o n s  s i m i l a r  t o  
those  used  for  the  f i r ia l  open  loop  test  (see  Appendix F, Table F-2, Test 6 ) .  
The purpose of the run was to  de t e rmine  whe the r  ca t a lys t  ac t iv i ty  had  
i n c r e a s e d  o r  d e c l i n e d  d u r i n g  t h e  l i f e  tes t .  In the  open  loop tes t ,  t h e  
rate of CO conversion was 204 cclmin. In t h e  r e p e a t  r u n  a f t e r  t h e  l i f e  
test, t h e  rate was 246 cc /min ,  ind ica t ing  tha t  enhancement  of  ca ta lys t  
ac t iv i ty  had  occur red ,  p robab ly  as a r e su l t  o f  t he  mod i f i ed  t empera tu re  
p r o f i l e .  
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5.4.3  Condi t ion of  Reac to r  Af t e r  Tes t  
On c o o l i n g  t h e  r e a c t o r  t o  room tempera ture ,  the  brazed  
j o i n t  be tween the  a luminum bronze  in le t  ves t ibu le  and  the  Inconel  
j a c k e t  f a i l e d  a n d  t h e  s e c t i o n s  came a p a r t .  The  bronze w a s  badly  
sca led  on  the  outs ide  and  oxida t ion  had  undermined  the  f i l l e t  o f  t h e  
b r a z e  (72% silver - 28% copper )  and  had  pene t r a t ed  in to  the  jo in t  i t s e l f .  
The  b ronze  gas  in l e t  t ube  a l so  b roke  where  i t  w a s  b r a z e d  t o  t h e  vesti- 
bu le ,  a l so  because  o f  ox ida t ion .  
S t a ins  on  the  ceramic i n s u l a t o r s  o f  t h e  h e a t e r  c o i l  n e a r  t h e s e  
j o i n t s  i n d i c a t e d  t h a t  b o t h  j o i n t s  h a d  b e e n  l e a k i n g  p r i o r  t o  s h u t d o w n .  
The l e a k s  were small ,  however ,  because  the  to ta l  l eak  rate fo r  t he  sys t em 
was found t o  be only 2 cc/min on t h e  last  day of operation. 
The l e a k  r a t e  was de te rmined   i n   t he   fo l lowing  way: The 
e l e c t r o l y s i s  c u r r e n t  and t h e  CO feed  were shu t  o f f  and  the  t e f lon  va lves  
i n  t h e  b a s e p l a t e  were c losed .  Wi th  the  r ecyc le  pump r u n n i n g  t o  m a i n t a i n  
normal   f low  condi t ions,  CO w a s  introduced  through a bubble   counter   and 
t h e  rate w a s  a d j u s t e d  u n t i l  t h e  p r e s s u r e  i n  t h e  s y s t e m  was cons t an t  a t  




A t h i r d  f a i l u r e  i n v o l v e d  t h e  aluminum bronze bushing on the 
scraper   shaf t .   The   bushing  was ruptured  by  carbon  deposi t ing  underneath,  
d e s p i t e  a s i l v e r - c o p p e r  s o l d e r  s e a l  a t  each  end  of  the  bushing. Pieces 
of  the bushing broke off  and were s e e n  i n  t h e  c a r b o n  as e a r l y  as the  39th  
day.  Bulging of the  top  sec t ion  of  the  bushing  because  of  carbon growth  
underneath made tu rn ing  of t h e  s c r a p e r  v e r y  d i f f i c u l t  d u r i n g  t h e  f i n a l  
month o f  ope ra t ion .  
The f a i l u r e s  o f  aluminum bronze parts show t h a t  aluminum 
bronze i s  n o t  a s u i t a b l e  material o f  c o n s t r u c t i o n  f o r  t h e  r e a c t o r .  A 
s u i t a b l e  r e p l a c e m e n t  material is Incone l  600 tha t  has  been  heav i ly  coppe r  
p l a t ed  to  p reven t  ca rbon  depos i t i on .  
, 
I n s p e c t i o n  of c o n d i t i o n s  i n s i d e  t h e  r e a c t o r  r e v e a l e d  t h e  
fo l lowing  : 
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1. Excep t   fo r   f a i lu re   o f   t he   b ronze   bush ing ,   t he  scraper w a s  i n  
e x c e l l e n t  c o n d i t i o n .  The blades  and  shaf t   had  not   been  a t tacked 
by the  carbon  and  they showed  no evidence  of wear. A p i c t u r e  
o f  t h e  s c r a p e r ,  t a k e n  a f t e r  t h e  l i f e  t e s t ,  i s  shown i n  F i g .  18. 
2. Thick  carbon  deposits  had  formed on t h e  walls of bo th  bronze  
v e s t i b u l e s ,  s u g g e s t i n g  t h a t  t h i s  a l l o y  may not  be e n t i r e l y  
n o n c a t a l y t i c .  
3 .  Carbon  had   depos i ted   behind   the   ca ta lys t   tube   a t   the   top ,   caus ing  
dis tor t ion,  even though the tube had been copper  brazed t o  t he  
I n c o n e l   j a c k e t .  The j o i n t  probably h a d  no t   been   f i l l ed   comple t e ly  
wi th   b raze   me ta l .   B raze   me ta l   comple t e ly   f i l l ed   t he   l ower   j o in t  
and i t  remained  sound. 
F ig .  18 -- C a r b o n  s c r a p e r  a f t e r  l i f e  t e s t .  
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The extent of carbon attack on t h e  c a t a l y s t  t u b e  w a s  de t e r -  
mined by s p l i t t i n g  t h e  r e a c t o r  l e n g t h w i s e  and measur ing  the  wall  t h i ck -  
ness a t  i n t e r v a l s  a l o n g  t h e  l e n g t h .  The i n i t i a l  and f i n a l  c o n t o u r s  of 
t h e  i n n e r  f a c e  are compared i n  Fig.  19 ,  wh ich  a l so  shows typica l  tempera-  
t u r e  p r o f i l e s  w i t h i n  t h e  r e a c t o r .  
Inches 
0 1 2 3 4 5 6 7 8 9 
t- ~- Gas Flow 
Init ial Contour of 
E 3. 0 
E Catalyst Tube L 
v; 2. 0 
.- / I  , , ’/,,.9’,, ’, , ,/,  , 
I . I ,’ J . . I I / , ,T , , k ’  ’/ , . 





Final Contour -\ 
\ .E 1. 0 
0 
-~ 
’ , , I ’  
0 20 40 60 80 100 120 140 160 180 200 
Length, rnm 
Fig. 1 9  -- Typica l  temperature p r o f i l e s  i n  r e a c t o r  a n d  v a r i a t i o n  i n  w a l l  
t h i c k n e s s  o f  c a t a l y s t  t u b e  a t  end of  l i f e  tes t .  
The  most s i g n i f i c a n t  f i n d i n g  was t h a t  t h e  c a t a l y s t  t u b e  h a d  
not   been   pene t ra ted  a t  any  point .  However, catalyst   consumption was 
n o t  as uniform as had  been  an t ic ipa ted .  More i r o n  w a s  consumed from 
the  lower  ha l f  of the  tube  than  f rom the  upper  ha l f  and  the  grea tes t  
a t t a c k   o c c u r r e d  a t  t h e   c e n t e r .   I n   c o n t r a s t ,   t h e   c a t a l y s t   t u b e   u s e d   i n  
t h e  100-day test of t he  p rev ious  con t r ac t  was a t t acked  most n e a r  t h e  
top  and  penetrat ion  of   tube  occurred  (Reference 3,  pp. 82-85) . The 
more e v e n  a t t a c k  i n  t h e  p r e s e n t  l i f e  t es t  w a s  due t o  a h igher  gas  f low rate 
and a lower CO c o n c e n t r a t i o n  i n  t h e  f e e d ,  w h i c h  c a u s e d  t h e  r e a c t i o n  
t o  s p r e a d  o u t  o v e r  a grea te r  Length .  
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The abrupt change i n  wall th i ckness  of t h e  c a t a l y s t  t u b e  near 
the midpoin t  has  not  been  expla ined .  It is n o t  known whether more carbon 
was produced i n  t h e  l o w e r  h a l f  of the reac tor  or  whether  carbon product ion  
was uni form  and   on ly   the   i ron   conten t   var ied .  Some c l a r i f i c a t i o n  may 
come f rom s tudy ing  the  ca rbon  depos i t  r ema in ing  in  the  r eac to r  a f t e r  t he  
l i f e  test. Time l imi t a t ions   p reven ted   check ing   t he   i ron   con ten t  of t h i s  
c a r b o n  p r i o r  t o  t h e  w r i t i n g  of  t h i s  r e p o r t .  
5 .5  Hydrogen Sepa ra t ion  
5.5.1 Performance of System 
E x c e p t  f o r  t h e  d e t e r i o r a t i o n  of pa l lad ium membranes wi th  
t ime,previous ly  noted  in  Sec t ion  5 .1 .2 ,  the  hydrogen  separa t ion  sys tem 
worked extremely w e l l .  The rate of hydrogen  removal was completely 
s e l f - r e g u l a t i n g  and  only  the  concent ra t ion  of hydrogen i n  t h e  r e c y c l e  
stream requ i red   occas iona l   con t ro l .  The thermocouple vacuum gauge, 
which  measured  the  pressure  in  the  l ine  be tween the  cont ro l  va lve  and  
t h e  vacuum  pump, was a v e r y  r e l i a b l e  i n d i c a t o r  of t h e  rate of hydrogen 
removal. The c a l i b r a t i o n   c u r v e  i s  shown i n   F i g .  20. 
A permeation rate s tudy  
conducted with a 2.5 i n .  l o n g  
pal ladium membrane p r i o r  t o  
cons t ruc t ion  of t he  b read -  
board  system (see Appendix E) 
g a v e  r e s u l t s  t h a t  conformed t o  t h e  
f o l l o w i n g  r e l a t i o n :  
Fig.  20 -- Relat ionship between 
thermocouple vacuum gauge 
reading and hydrogen 
d i scha rge  rate 
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where 
Q = rate of hydrogen permeation, cc/min 
II = l ength  of  pa l lad ium membrane, cm 
p1 = a v e r a g e  p a r t i a l  p r e s s u r e  o f  h y d r o g e n  i n  g a s  stream, 
mm Hg 
p2 = par t i a l  p re s su re  o f  hydrogen  on vacuum s i d e  of membrane, 
mm Hg 
k = permeation rate cons t an t ,   c c / (min )   ( cm) (m Hg) 0.65 
I n  experiments  run a t  85OoC, t h e  v a l u e  of k w a s  found to  be 0.166. 
The outs ide  d iameter  of  the  pa l lad ium membrane tubes was 
0.318 c m  and t h e  o u t s i d e  s u r f a c e  area p e r  c m  of  l eng th  w a s  1.00 c m  . 2 
Values of k c a l c u l a t e d  f r o m  d a t a  o b t a i n e d  i n  t h e  180-day tes t ,  
u s ing  the  above  r e l a t ionsh ip ,  a re  p r e s e n t e d  i n  T a b l e  V I I I ,  t oge the r  
with the days on which pal ladium membranes were c losed  because  of  h igh  
leakage .  The r e s u l t s  show an   apparent   dec l ine   o f  k d u r i n g  t h e  30 t o  
40-day pe r iods   p reced ing   t he   c los ing  of membranes 4 and  5.  The 
d e c l i n e  i n  e a c h  c a s e  w a s  apparent ly  due  to  a g r a d u a l  c o l l a p s e  of t h e  
membrane ( see   F ig .  21) . The c o l l a p s e d  s e c t i o n  impeded t h e  f l o w  of 
hydrogen to  the vacuum sys t em,  caus ing  the  p re s su re  wi th in  the  membrane 
to   be   h ighe r   t han  i n  t he   man i fo ld .   The   ne t   e f f ec t  w a s  t o  reduce  the 
rate constant  which w a s  based on the measured pressure of  the manifold.  
In  each case a f t e r  c l o s i n g  t h e  f a u l t y  membrane, t he  k va lue  inc reased .  
F ig .  21 -- P a r t i a l l y  c o l l a p s e d  p a l l a d i u m  membrane from  compartment 3 
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27  51.6 
27  45.8 
27  52.3 
27 52.7 
3-in.  long Pd membrane closed 
24  52.6 
Pd  membrane 4 c losed  
16  51.7 
16  51.9 
16  54.3 
16  51.8 
16  50.7 
Pd membrane 5 c losed  
8 26.9 
8 30.0 
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a, p1 = a v e r a g e  p a r t i a l  p r e s s u r e  of hydrogen i n  e l e c t r o l y z e r  a t m o s p h e r e .  
b .  P2 = a b s o l u t e  p r e s s u r e  of hydrogen on  vacuum s i d e  of pa l lad ium membrane. 
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E x t r a p o l a t i o n  o f  t h e  k va lue  obta ined  a t  85OoC i n  t h e  rate 
s t u d y  t o  910°C, the  t empera tu re  du r ing  the  l i fe  test, g i v e s  a k va lue  
of 0.200. T h i s  is  c l o s e  t o  t h e  v a l u e  o b t a i n e d  on test day 1 4  when t h e  
membranes were r e l a t i v e l y  new. The t e m p e r a t u r e  c o e f f i c i e n t  u s e d  i n  t h e  
e x t r a p o l a t i o n  w a s  taken from Waldschmidt (Reference 10). 
A leak  prevented  the  3- in .  long  pa l lad ium membrane t h a t  w a s  
t e s t e d  as a hydrogen  gauge  from  performing  satisfactorily.   Although 
t h e  l e a k  rate was s m a l l  a t  f i r s t ,  u se fu l  measu remen t s  cou ld  be  ob ta ined  
on ly  by  ex t r apo la t ing  the  r ead ings  back  to  ze ro  t i m e  ( t i m e  o f  i s o l a t i n g  
gauge from vacuum m a n i f o l d )  t o  c o r r e c t  f o r  a s t e a d y  i n c r e a s e  i n  g a u g e  
reading  wi th  t i m e  because of t h e  l e a k .  On t he  56 th  day ,  t he  membrane 
was closed permanent ly  because the leak rate began  to  inc rease .  
5.5.2  Condition of Pal ladium Membranes A f t e r  T e s t  
Palladium membranes 1, 2 ,  and broke   dur ing   pre l iminary  
ope ra t ion  of the breadboard system and were c l o s e d  o f f  b e f o r e  t h e  s t a r t  
of t h e  l i f e  test. The breaks   occur red  a t  t h e  j o i n t s  w i t h  t h e  I n c o n e l  
support   tubes .  The most   p robable   cause   o f   fa i lure  w a s  an a c c i d e n t  t h a t  
occurred  during  assembly of t h e  e l e c t r o l y z e r  h o u s i n g .  The pal ladium 
membrane-Inconel tube assemblies were inadvertent ly  pushed from a s t o r a g e  
s h e l f  and f e l l  s e v e r a l  f e e t  t o  t h e  f l o o r .  Helium  leak  checks showed 
t h a t  none  of t h e  j o i n t s  l e a k e d ;  however,  the f a l l  may have caused incipient  
c r ack ing  wh ich  l ed  to  f a i lu re  on hea t ing .  
Membranes 1 and 2 had broken off completely a t  t h e  j o i n t s  and 
h a d  f a l l e n  so t ha t  t he  lower  ends  r e s t ed  on  the  in su la t ion  a round  the  
base  tubes  of t h e  s t a c k s .  The top two inches of  membrane 1 and  the  bottom 
inch of  membranes 1 and 2 were seve re ly  e roded ,  a l though  the re  was prac- 
t i c a l l y  no loss  of  weight .  Photographs of  eroded areas a r e  shown i n  
Fig.  22. 
(a )  Refer r ing  to  F ig .  6 ,  membrane 1 was l o c a t e d  i n  t h e  f e e d  compartment 
(compartment  1) a t  bottom  left. '   The  other  membranes  and  compartments 
a r e  numbered sequen t i a l ly  in  the  coun te rc lockwise  d i r ec t ion .  
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Membrane 3, which had cracked but  had not  fa l len,  was less 
eroded a t  the  bot tom than  membrane 2 even though both were c o n t a i n e d  i n  
t h e  same compartment. Membranes 4 ,  5, and 6 ,  which were l o c a t e d  f a r t h e r  
downstream i n  compartments 3 and 4 ,  suf fered  a lmost  no  e ros ion .  
Metal lographic  examinat ion of  eroded membranes revea led  a s i n g l e  
phase  s t ruc t ' l r e  and  ex tens ive  g ra in  g rowth ,  as shown i n  F i g .  23.  On 
some p a r t s  o f  t h e  s u r f a c e  a n  u n i d e n t i f i e d  f i l m  was present .  Spark  mass 
s p e c t r o g r a p h i c  a n a l y s i s  showed t h a t  t h e  p a l l a d i u m  i n  t h e  e r o d e d  a r e a s  
w a s  h ighly  contaminated  wi th  copper  and  tha t  traces o f  o the r  metals were 
also  present .   The  major   source  of   copper  was undoubtedly  the  preheat ing 
c o i l  f o r  t h e  f e e d  g a s ,  w h i c h  w a s  copper   l ined.   The  copper   coat ing 
a n  t h e  e l e c t r o l y z e r  s h e l l  w a s  a t  a lower  temperature  and was loca ted  
ou t s ide  the  f low pa th  of t he  gas .  
The e r r o s i o n  phenomenon was most i n t e n s e  n e a r  t h e  g a s  i n l e t  
p o r t  i n  compartment 1 and had almost  disappeared by the time t h e  g a s  
reached  compartments 3 a n d   4 .   T h i s   s u g g e s t s   t h a t   t h e   i m p u r i t i e s   i n  
t h e  g a s  were r e spons ib l e  fo r  t he  e ros ion  and  tha t  t he  impur i ty  concen-  
t r a t i o n  d e c r e a s e d  as the  gas  f lowed  th rough  the  e l ec t ro lyze r  because  o f  
scavenging by the metal walls. 
Membranes 4 and 5 ope ra t ed  74  days  and  141  days ,  respec t ive ly ,  
be fo re   excess ive   l eakage   necess i t a t ed   t he i r   r emova l   f rom  se rv ice .  Both 
membranes looked almost new a f t e r  t h e  t e s t  excep t  t ha t  t he  top  ha l f  o f  
each  had  col lapsed,  as shown fo r   one  membrane i n  F i g .  21.  On t e s t i n g  
t h e  membranes a f t e r  t h e  l i f e  t es t ,  t he  l eakage  w a s  found to have been 
d u e  t o  p o r o s i t y  i n  t h e  v i c i n i t y  o f  t h e  b r a z e d  j o i n t .  The start of 
leakage  probably  co inc ided  wi th  co l lapse  of t h e  membrane i n  t h e  j o i n t  
r e g i o n .  C o l l a p s i n g  a p p a r e n t l y  s t a r t e d  n e a r  t h e  c e n t e r  of t h e  membrane, 
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( a )  A t  open end. 5X 
( b )  A t  closed end. 5X 
(c )  Near closed  end. 24X 
Fig.  22  -- Enlarged views of eroded areas of pal ladium membrane i n  
feed compartment  of  e lectrolyzer .  
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New Used 




Fig. 23 -- Longitudinal and transverse  sections of new and eroded 
palladium membranes. 250X 
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where  the  e l ec t ro lyze r  t empera tu re  was h ighes t ,  and  progressed  
slowly up t h e  membrane t o  t h e  j o i n t .  
Membrane 6 ,  which operated throughout the l i f e  test with 
p r a c t i c a l l y  n o  l e a k a g e ,  a l s o  a p p e a r e d  l i k e  new e x c e p t  f o r  a 1.5 in .  long 
c o l l a p s e d  s e c t i o n  n e a r  t h e  t o p .  It a l s o  w a s  b e g i n n i n g  t o  become porous 
a t  t h e  j o i n t  a n d  a t  t h e  c l o s e d  e n d ,  h o w e v e r .  
It is  b e l i e v e d  t h a t  t h e  d i f f i c u l t i e s  e n c o u n t e r e d  w i t h  t h e  
pal ladium membranes can be reduced or  e l iminated by t ak ing  the  fo l lowing  
cor rec t ive  measures :  
1. Use th i cke r   pa l l ad ium membranes f o r  g r e a t e r  s t r e n g t h .  
2. Use a more s tab le  b raz ing   a l loy ,   such   a s   go ld -n icke l ,   i n  
p l a c e  o f  c o p p e r  t o  p r e v e n t  p o r o s i t y  a t  t h e  j o i n t s .  
3. Locate a l l  membranes  downstream  from the  feed  compartment   to  
reduce contamination. 
4 .  Lower the   opera t ing   tempera ture  by 50°C. 
NO d i f f i c u l t i e s  were exper ienced  in  us ing  pa l lad ium membranes 
i n  e a r l i e r  p r e l i m i n a r y  tests, and  one test  l a s t e d  7 1  d a y s  (see Appendix E ) .  
The major  differences were t h a t  t h e  p r e l i m i n a r y  tests were run a t  a 
lower temperature  than the 180-day tes t  (50 t o  6OoC l ower  in  the  case  of 
t h e  71-day t e s t )  and t h a t  t h e r e  were no  sources  of  impur i t ies  o ther  than  
t h e  f e e d  g a s  i t s e l f .  
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6 .  INTEGRATION WITH.CARl3ON DIOXIDE CONCENTRATORS 
The carbon dioxide and water f e d  t o  t h e  s o l i d  e l e c t r o l y t e  
oxygen regenerat ion system w i l l  be  removed from the cabin atmosphere and 
concentrated  by a ca rbon  d iox ide  concen t r a to r  sys t em.  Numerous approaches 
fo r  concen t r a t ion  have  been  cons ide red  inc lud ing  molecu la r  s i eves ,  steam 
d e s o r b e d  s o l i d  a m i n e s ,  e l e c t r o d i a l y s i s ,  c a r b o n a t i o n  ce l l s ,  hydrogen 
depo la r i zed  e l ec t rochemica l  c e l l s ,  membrane d i f f u s i o n ,  l i q u i d  a b s o r p t i o n ,  
a n d  d i r e c t  f r e e z o u t  ( R e f e r e n c e  1 ) .  
The c u r r e n t  s t u d y  was u n d e r t a k e n  t o  d e t e r m i n e  t h e  e f f e c t  t h a t  
u s ing  d i f f e ren t  concen t r a t ion  me thods  would have upon the  sys t em con- 
f igura t ion ,  equipment  des ign  and  s ize ,  and  power r equ i r emen t s  fo r  t he  
so l id   e l ec t ro ly t e   oxygen   r egene ra t ion   sys t em.   Th i s  was done by f i r s t  
d e f i n i n g  t h e  i n t e r f a c e  r e q u i r e m e n t s  a n d  t h e n  e s t i m a t i n g  t h e  t o t a l  w e i g h t  
and power requirements  for  the combined concentrator-regenerator system. 
The miss ion  chosen  for  s tudy  was t h e  g-man, 500-day, non- 
resupply mission which was t h e  s u b j e c t  o f  t h e  Advanced I n t e g r a t e d  L i f e  
Support  Systems (AILSS) Study by the Hamil ton Standard Divis ion of  United 
Ai rc ra f t  (Re fe rence  1). Weight  and  power data   f rom  the AILSS s tudy  were 
u t i l i z e d  b e c a u s e  t h e y  were the most complete and up-to-date information 
a v a i l a b l e .  R e d e s i g n  o f  t h e  s o l i d  e l e c t r o l y t e  s y s t e m  i n  o r d e r  t o  a r r i v e  
a t  an independent  estimate of weight and power was beyond the scope of 
t h i s  c o n t r a c t ,  b u t  s h o u l d  b e  i n c l u d e d  among t h e  t a s k s  i n  t h e  c o n c e p t u a l  
d e s i g n  s t u d y  d i s c u s s e d  p r e v i o u s l y  i n  S e c t i o n  3 .  
Four systems were chosen as t h e  most promising based on the AILSS 
repor t   and   d i scuss ions   wi th  NASA personnel :   molecular  s ieve,  s team 
deso rbed  r e s in ,  hydrogen  depo la r i zed  e l ec t rochemica l  ce l l s  , and carbonation 
cel ls .  Descr ipt ions  of   these  systems,   taken  f rom  the AILSS r e p o r t ,   a r e  
presented  in  Appendix  L. 
-60- 
6 . 1  Coupling  with  Steam  Desorbed  Resin  Concentrator 
The steam d e s o r b e d  r e s i n  c o n c e n t r a t o r  u t i l i z e s  a n  o r g a n i c  
amine  polymer to   abso rb  CO f rom  the  process  a i r .  S team is  used   to  
l i b e r a t e  t h e  CO and  regenerate   the  amine.   The  process   has   been 
described by Tepper and co-workers (Reference 11) and by Martin and 
Brose  (Reference 12 ) .  
2 
2 
Because   the   concent ra tor   genera tes  CO i n  a h i g h l y  c y c l i c  
manner, some type of accumulator between i t  and a s o l i d  e l e c t r o l y t e  
system w i l l  b e   n e c e s s a r y .   I n   t h e  AILSS repor t ,   the   equipment   p rovided  
t o  a l l o w  a f e e d  t o  t h e  s o l i d  e l e c t r o l y t e  s y s t e m  of constant f low and 
composition  included : 
2 
1) a c o n d e n s e r  s e p a r a t o r  t o  r e d u c e  t h e  m o i s t u r e  i n  t h e  g a s  
l eav ing  the  concen t r a to r  t o  approx ima te ly  3%, 
2)  a room temperature  accumulator,  
3 )  a h u m i d i f i e r  i n  w h i c h  s u f f i c i e n t  water i s  added  to  the  CO 2 
t o  ach ieve  the  des i r ed  to t a l  oxygen  ra te  (approximately 
25 mole pe rcen t  of t h e  C02 stream i n  t h e  AILSS s t u d y ) .  
For  the  i n i t i a l  coupl ing of  a steam desorbed  res in  concent ra tor  and  a 
s o l i d  e l e c t r o l y t e  oxygen  r egene ra to r ,  t he  in t e r f ace  sugges t ed  i n  the  
AILSS r e p o r t  seems h igh ly  des i r ab le ,  because  i t  w i l l  pe rmi t  t he  two 
sys t ems   t o   ope ra t e   e s sen t i a l ly   i ndependen t  of each  other .   For  some 
f u t u r e  s t a g e  of development, however, i t  may b e  d e s i r a b l e  t o  e l i m i n a t e  
the  condenser  separa tor  and  provide  an accumulator of minimum s i z e  ( w i t h  
a holdup t i m e  equ iva len t   t o   one   deso rp t ion  cyc le ,  for  example).   The 
accumulator would be embedded i n  t h e  i n s u l a t i o n  of t h e  e l e c t r o l y z e r  t o  
main ta in  the  tempera ture  of t h e  w e t  CO above  the  condensa t ion  poin t  
of  the  water. The  accumulator  would  then serve to  ma in ta in  the  humid i ty  
o f  t h e  e l e c t r o l y z e r  f e e d .  I n  t h i s  case, t h e  e l e c t r o l y s i s  u n i t  must b e  
ab le  to  ad jus t  au tomat i ca l ly  to  changes  in  incoming  gas  compos i t ion  and  
f low rate. (See  Table I X ) .  The s o l i d   e l e c t r o l y t e   o x y g e n   r e g e n e r a t i o n  
system developed i n   t h i s  program has such a c a p a b i l i t y .  
2 
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Table  I X  
INTERFACE CHARAaERIZATION OF  STEAM  DESORBED  RESIN 
CO, CONCENTl?ATOR/SOLID ELECTROLYTE SYSTEM 
L 





Others  (amine) 
Gas Flow 
Elec t r ica l  Heat f o r  
Humidi f ica t ion  o f  
Elec t ro lyzer  Feed  
1 
Ant ic ipa t ed  Range 
With AILSS With  Modified 
I n t e r f a c e   I n t e r f a c e
80% 60-90% 
10%  10-40% 
0-2% 0-2% 
0-2% 0-2 % 
trace trace 
20.4  lbslday 15-25 I b  s I day 
0.04 kW 0 
A second modif icat ion,  which was c a r e f u l l y  c o n s i d e r e d ,  i s  t o  
p l a c e  steam b o i l e r  t u b e s  i n  t h e  i n s u l a t i o n  s u r r o u n d i n g  t h e  e l e c t r o l y s i s  
u n i t  o f  t h e  o x y g e n  r e g e n e r a t o r  t o  u t i l i z e  waste h e a t  t o  p r o d u c e  p a r t  
o r  a l l  o f  t h e  steam requi red  by  the  C 0 2  concen t r a to r .  Ca lcu la t ions  
ind ica t ed ,  however ,  t ha t  based  on breadboard system performance this  
mod i f i ca t ion  wou ld  no t  be  f eas ib l e  because  o f  t he  hea t  l o s ses  a s soc ia t ed  
w i t h   g a s   r e c y c l e   i n   t h e   s o l i d   e l e c t r o l y t e   s y s t e m .   O n l y   a c t u a l  tests of  
a multi-man system can t e l l  i f  t h e  r e c y c l e  ra te  can be lowered and waste 
h e a t  made a v a i l a b l e  f o r  t h i s  p u r p o s e .  
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r 
The i n t e r f a c e  b e t w e e n  the two units is  shown s c h e m a t i c a l l y  i n  
Fig.  24. For   cont ro l ,  a pressure  s ignal   f rom  the  acumulator   would  be 
used t o  r e g u l a t e  t h e  t o t a l  c u r r e n t  b e i n g  p a s s e d  t h r o u g h  t h e  e l e c t r o -  
l y se r ;  an  inc rease  in  accumula to r  p re s su re  wou ld  cause  an  inc rease  in  
e l e c t r o l y s i s  c u r r e n t .  The  increased  current   would  cause a d e c r e a s e  i n  
t h e  p r e s s u r e  o f  t h e  s o l i d  e l e c t r o l y t e  s y s t e m  w h i c h ,  i n  t u r n ,  w o u l d  













Fig .  24 -- In te r face  be tween steam desorbed C 0 2  concen t r a to r  
a n d  s o l i d  e l e c t r o l y t e  oxygen regenerator 
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f o r  v a r i a t i o n s  i n  t h e  water v a p o r  p a r t i a l  p r e s s u r e  d u r i n g  t h e  c y c l e ,  
t h e  area fo r  hydrogen  d i f fus ion  wou ld  have  to  be  inc reased  by  a f a c t o r  
of two ( in   compar ison   wi th   the  AILSS des ign ) .  
Table  X shows t h a t  t h e  e q u i v a l e n t  w e i g h t  o f  t h e  s o l a r  c e l l  
powered system would be 3398 lbs. 
6 .2   Coupl ing  with  Molecular   Sieve  Concentrator  
The molecular  sieve c o n c e n t r a t o r  is a four-bed system 
employing two c a n i s t e r s  c o n t a i n i n g  s i l i c a  g e l  t o  remove water vapor 
f rom the process  a i r  and two c a n i s t e r s  c o n t a i n i n g  a r t i f i c i a l  z e o l i t e  
t o   adso rb  C02. Desorp t ion   of   the  C02  i s  accomplished by r educ ing   t he  
pressure   and   apply ing   hea t .  The process  is  d e s c r i b e d  i n  t h e  AILSS 
r e p o r t .  
Because the concentrator  is  c y c l i c  i n  o p e r a t i o n ,  a n  a c c u m u l e t o r  
between the concentrator  and the sol id  e lectrolyte  oxygen regenerator  i s  
necessary .  In c o u p l i n g   t h e   c o n c e n t r a t o r   t o   t h e   s o l i d   e l e c t r o l y t e  oxygen 
r egene ra to r ,  no modi f ica t ion  of  the  sys tem descr ibed  in  the  AILSS r e p o r t  
is  envis ioned .  
The t o t a l  e q u i v a l e n t  w e i g h t  f o r  t h e  m o l e c u l a r  s i e v e  c o n c e n t r a t o r -  
s o l i d  e l e c t r o l y t e  s y s t e m  is 3265 l b .  
6.3  Coupling  with  Hydrogen  Depolarized  Concentrator 
The hydrogen  depolar ized  concent ra tor  (Reference  13) has  the  
lowest   equivalent   weight  of  t h e  CO concen t r a t ion   p rocesses   cons ide red  2 
i n  t h e  AILSS r epor t  and  has  the  add i t iona l  advan tage  of  being cont inuous.  
I t  employs an electrochemical ce l l  wh ich  t r ans fe r s  C02 from the process 
a i r  t o  a hydrogen  atmosphere. Oxygen i s  a l s o  removed from  the a i r  and 
reacts with  the  hydrogen  to   produce e lectr ical  power.  Since  oxygen 
t h a t  is consumed m u s t  b e  r e g e n e r a t e d ,  t h e  c a p a c i t y  o f  t h e  s o l i d  e l e c t r o l y t e  
oxygen generator must be increased. 
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TASLE X 
EQUIVALENT  WEIGHT OF  SOLID  ELECTROLYTE/STEAM  DESORBED 
RESIN C 0 2  CONCENTRATOR SYSTEM  FOR A 9-MAN  500-DAY  MISSION 
Steam  Desorbed  Resin CO Concentrator  2 
Overall equivalent   weight   of conc ntrator  1148alb:
Eliminate  one  condenser  and  spares -20 
El imina te   humid f ie r   and   spares  - 39 
Reduce s ize   o f   accumula tor ;   dd   insu la t ion  No Changc 
E l i m i n a t e  p o r t i o n  o f  r a d i a t o r  l o a d  due to  condenser  
b 
preceding  accumulator -44 a 
El imina te  power f o r  r e h u m i d i f i c a t i o n  o f  
e l e c t r o l y z e r   f e e d .  -2 7 
S o l i d  E l e c t r o l y t e  Oxygen Regenerator 
Overa l l  equivalent  weight  of  oxygen regenerator  
I n c r e a s e  a r e a  f o r  p a l l a d i u m  h y d r o g e n  d i f f u s e r  
and spa res  
El imina te  rad ia tor  load  saved  by  t ransfer  of  




Total   Equivalent Weight  3098  lbs 
___ "" ~. ~- 
~. 
. ~~ ~~~~ ~ - . _ _  
a. From  AILSS r e p o r t ,  see Appendix L .  
b .  Based  on e s t ima tes   by  Eric  Auerbach,  Hamilton  Standard 
Div is ion  of  Uni ted  Aircraf t  Corpora t ion  
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Because  the  de l ive red  C02 c o n t a i n s  a h igh  propor t ion  of  hydrogen ,  
t h e  i n t e r f a c e  w i t h  t h e  s o l i d  e l e c t r o l y t e  s y s t e m  must provide a means f o r  
hydrogen  removal. An alternative approach is t o  modify  the  operat ion 
o f  t he  concen t r a to r  s o  t h a t  t h e  C02 produc t  con ta ins  l i t t l e  o r  no 
hydrogen, i n  which case t h e  c o n c e n t r a t o r  n o  l o n g e r  o p e r a t e s  as a f u e l  
ce l l  b u t  consumes e lectr ical  power.  The l a t t e r  approach was no t  cons ide red  
because  da t a  were n o t  a v a i l a b l e .  
The i n t e r f a c e  b e t w e e n  t h e  f u l l y  d e p o l a r i z e d  c o n c e n t r a t o r  a n d  
t h e  s o l i d  e l e c t r o l y t e  oxygen regenerator is c h a r a c t e r i z e d  i n  T a b l e  X I .  
For removing the hydrogen i n  t h e  C o n c e n t r a t o r  p r o d u c t ,  a pa l lad ium 
membrane hydrogen  d i f fuser  i s  i n s t a l l e d  a t  t h e  i n t e r f a c e ,  as i l l u s t r a t e d  
i n  F i g .  25. I f   t h i s   h y d r o g e n  i s  f ed   t o   t he   oxygen   r egene ra to r ,  i t  becomes 
h i g h l y  d i l u t e d  by t h e  r e c y c l e  stream and more pa l lad ium i s  r e q u i r e d  f o r  




Fig .  25 -- In te r face  be tween hydrogen  depolar ized  CO 
c o n c e n t r a t o r  a n d  s o l i d  e l e c t r o l y t e  o x y g e n  
r egene ra to r  w i th  separate palladium hydrogen 




Table  X I  
INTERFACE CHARACTERIZATION OF HYDROGEN DEPOLARIZED 
C02 CONCENTRATOR/SOLID  ELECTROLYTE  SYSTEM 
I 
An t i c ipa t ed  
Ranpe 
I Gas Delivered by Concentrator  I 









Gas Flow 15-25 lb s /day  
One hundred and f i f ty  1 /8 - in .  d i ame te r  pa l l ad ium membranes, 
each 10 in .   l ong ,   wou ld   be   r equ i r ed   fo r   t he   d i f fuse r .  The d i f f u s e r  
would consis t  of  ten 1- in .  diameter  Inconel  ce l l s  con ta in ing  15 membranes 
each.  These cel ls  would b e  embedded i n  t h e  i n s u l a t i o n  o f  t h e  e l e c t r o l y s i s  
uni t   where  they  would  be  heated  to  750 t o  800°C. The cel ls  would  be 
connec ted  in  para l le l  and  each  would  have  a s i n g l e  vacuum connect ion.  
Two shu t -o f f  va lves  wou ld  be  r equ i r ed  wi th  each  ce l l  t o  i so l a t e  t he  
c e l l  i n  c a s e  of  leakage.  
Cont ro l  of the oxygen generat ion ra te  would be obtained by 
r e g u l a t i n g  t h e  e l e c t r o l y s i s  c u r r e n t  t o  m a i n t a i n  a c o n s t a n t  p r e s s u r e  
w i t h i n  t h e  s o l i d  e l e c t r o l y t e  u n i t .  The  hydrogen  separator  would 
r equ i r e   no   au tomat i c   con t ro l s .  However, t he   hydrogen   f eed   t o   t he  
concentrator ,   which is  taken  from  the  hydrogen  discharge  l ine,   would  be 
cont ro l led .  This  would  be  achieved  by  regula t ing  the  overboard  hydrogen  
dump v a l v e ,  u t i l i z i n g  t h e  same p r e s s u r e  s i g n a l  f r o m  t h e  e l e c t r o l y z e r  
t h a t  c o n t r o l s  t h e  e l e c t r o l y s i s  c u r r e n t .  
The equiva len t  weights  of  the  bas ic  components  and  the  changes  
r e s u l t i n g  f r o m  i n t e g r a t i o n  f o r  a s o l a r  c e l l  powered system are i temized  
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i n   T a b l e  X I I .  The t o t a l   e q u i v a l e n t   w e i g h t  i s  3153 l b s .  The es t imated  
weight  of  the  pa l lad ium membrane hydrogen  d i f fuse r  i s  based on the 
r e s u l t s  o f  t h e  180-day  and  71-day l i f e  tests. 
6.4 Coupling  with  Carbonation Cell Concent ra tor  
The carbonat ion  ce l l  concent ra tor  (Reference  14 )  u t i l i z e s  two 
o r  t h r e e  e l e c t r o c h e m i c a l  ce l l s  connected i n  series. The f i r s t  c e l l  removes 
CO and some oxygen  from  the  process a i r .  The second  and   th i rd   s tages  
s e p a r a t e   t h e  CO and  oxygen. No hydrogen i s  used in   the   p rocess   and   the  2 
c a l l  consumes electrical  energy. 
2 
Because  the  ca rbona t ion  ce l l  de l ive r s  COP cont inuous ly ,  i t  
c a n  b e  c o u p l e d  d i r e c t l y  t o  t h e  s o l i d  e l e c t r o l y t e  oxygen regenerator ,  
e l imina t ing  the  need  fo r  an  accumula to r .  The condense r  s epa ra to r  
c a n  a l s o  b e  e l i m i n a t e d  b e c a u s e  t h e  s o l i d  e l e c t r o l y t e  s y s t e m  u s e s  a 
w e t  feed.  
Only t h e  f i r s t  e l e c t r o c h e m i c a l  s t a g e  o f  t h e  c o n c e n t r a t o r  would 
be needed. The second and  th i rd  s tages  would  be  rep laced  wi th  a s o l i d  
e l e c t r o l y t e  oxygen s e p a r a t o r ,  o p e r a t i n g  a t  h i g h  c u r r e n t  d e n s i t y  t o  
remove t h e   f r e e   o x y g e n   t h a t  is  de l ive red   w i th   t he  CO The  power 
r equ i r emen t  fo r  s epa ra t ing  f r ee  oxygen  f rom a gas mixture is much lower 
than that needed to produce oxygen from CO and H 0 because no decompo- 
s i t i o n  is involved.  
2 '  
2 2 
The interface between the concentrator  and the oxygen regenera-  
t o r  i s  c h a r a c t e r i z e d  i n  Tat le  X I 1 1  and a schemat ic  d iagram of  the  in te -  
grated  systems is  shown i n  F i g .  26.  Although shown as a separate u n i t  
in  the diagram, the oxygen separator  would be p a r t  of t h e  same i n s u l a t e d  
package as t h e  oxygen regenerator .  
Control  of  the oxygen generat ion ra te  would b e  s t r a i g h t  
forward. A p r e s s u r e  s i g n a l  f r o m  t h e  s o l i d  e l e c t r o l y t e  o x y g e n  r e g e n e r a t o r  
would r e g u l a t e  t h e  e l e c t r o l y s i s  c u r r e n t  t o  match t h e  f e e d  r a t e  of C 0 2  
and H20 and  maintain a cons t an t  p re s su re .  The e l e c t r o l y s i s  c u r r e n t  t o  
-68- 
Table  X I 1  
EQUIVALENT WEIGHT OF SOLID ELECTROLYTE/HYDROGEN  DEPOLARIZED 
C02 CONCENTRATOR SYSTEM  FOR A 9-MAN 500-DAY MISSION 
Concent ra tor  
Weight o f  b a s i c  u n i t  
Spares  and redundant  uni ts  
Eliminate accumulator 
El imina te  condenser  separa tor  and  spares  
E l imina te  r ad ia to r  l oad  o f  condense r  
s e p a r a t o r  
Net p o w e r ,  i n c l u d i n g  t h a t  f o r  pump and  compressor 
and allowing 1400 l b s  c r e d i t  f o r  power 
genera ted  
Palladium Hydrogen Diffuser 
Weight  of  bas ic  uni t  
Weight  of  spare  uni t  
Weight of recycle compressor and spare 
E l e c t r i c  power for  recyc le  compressor  ( 7 5  wat t s )  
Heat  hydrogen i n  C02 feed to 800°C inc lud ing  
a d d i t i o n a l  r a d i a t o r  l o a d  
S o l i d  E l e c t r o l y t e  Oxygen Regenerator  
Overall equiva len t  weight  of  regenera tor  
Weight  correct ion for  increased oxygen 
product ion  inc luding  spare  uni t  and  redundancy  
Power co r rec t ion  fo r  i nc reased  oxygen  p roduc t ion  
(720 watts) 
I n c r e a s e  i n  r a d i a t o r  l o a d  
Total  Equivalent  Weight  
















a. From ALLSS r e p o r t ;  see Appendix L .  
b. Based  on estimates by Eric Auerbach,  Hamilton  Standard  Division 
of Uni ted  Ai rc ra f t  Corpora t ion .  
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Table  XI11 
INTERFACE CHARACTERIZATION OF  CARBONATION  CELL Co2  
CONCENTRATOR  WITH SOLID ELECTROLYTE SYSTEM 
- 
A n t i c i p a t e d  
Rang e 









Others  " 
Gas Flow 25-35 l b s l d a y  
t h e  s o l i d  e l e c t r o l y t e  oxygen separator  would be suppl ied by a c o n t r o l l e d  
v o l t a g e  s o u r c e .  By f i x i n g  t h e  v o l t a g e  a t  0 .5  v o l t ,  a l l  f r e e  oxygen  would 
b e   s e p a r a t e d  and  no CO o r  H 0 would  be  decomposed. No o t h e r  c o n t r o l  of 
t h e  oxygen s e p a r a t o r  would be  r equ i r ed .  
2 2 
To A i r  - 
Humidi ty  cop + o2 




A i r  
I - Cell C02 Cabin 
Carbonation Ff-om 
Po we r co2 +02 
-Electrolyte. 
- I 
I ' I  - Concentrator 
Separator 
Oxygen To Cabin 




I I  
I 1  
I 1  
1 1  
1 1  





H z 0  - ' ""_ "Hz ; I  
From  Water 








Fig.  26 -- In te r face   be tween  carbonat ion  c e l l  CO c o n c e n t r a t o r  
and s o l i d  e l e c t r o l y t e  oxygen regeneragor 
-70- 
The combined equivalent weight of an  e lec t rochemica l  carbon 
d ioxide  removal  and  concent ra t ion  sys tem,  so l id  e lec t ro ly te  oxygen  separa-  
t o r ,  a n d  s o l i d  e l e c t r o l y t e  oxygen regeneration system is es t ima ted  as 
32.84 l b s ,  as shown i n  T a b l e  X I V .  The estimated  weight  and  power of  t h e  
s o l i d  e l e c t r o l y t e  oxygen separator  is based on the use of cel ls  ope ra t ing  
a t  400 m a / c m  . 2 
TABLE XIV 
EQUIVALENT WEIGHT OF  SOLID  ELECTROLYTE/CARBONATION  CELL 
C02 CONCENTRATOR SYSTEM FOR A 9 " A N  500-DAY  MISSION 
"~ - ".  . . .  ~- 
Concent ra tor  
Weight  through f i r s t  s t a g e  
SparesIRedundant  uni ts  
Electrical  power  (965 w a t t s )  
Radia tor  load  
S o l i d  E l e c t r o l y t e  Oxygen Sepa ra to r  
Weight  of b a s i c  u n i t  
Weight  of  spare  uni t  
E lec t r i ca l  power  (440 w a t t s )  
Radia tor  load  








S o l i d  E l e c t r o l y t e  Oxygen Regenerator  
Overall e q u i v a l e n t   w e i g h t   o f   b a s i c   u n i t 2072b 
Total   Equivalent Weight   3284  lbs  
. " "_ 
a. Based  on estimates by Eric  Auerbach,  Hamilton  Standard  Division of 
United Aircraft Corpora t ion .  
b.  From AILSS r e p o r t ;  see Appendix L .  
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6.5 Summary o f   In t eg ra t ion   S tudy  
T h i s  s t u d y  i n d i c a t e d  t h a t  a l l  f o u r  CO 2 concen t r a to r s  cons ide red  
c a n  b e  i n t e g r a t e d  w i t h  t h e  s o l i d  e l e c t r o l y t e  o x y g e n  r e g e n e r a t o r .  T h e  
t w o  e lec t rochemica l  processes ,  however ,  w i l l  r e q u i r e  m o d i f i c a t i o n s  t o  
and an increase i n   s i z e  o f  t h e  s o l i d  e l e c t r o l y t e  u n i t .  
Table  XV summarizes the estimated weights and power require- 
ments. Two sys t ems ,   t he  steam desorbed  res in   and  the  hydrogen  depolar ized 
cel1,have somewhat lower equivalent weights than the AILSS e s t i m a t e  of 
3220 l b s .  
TABLE XV 
ESTIMATED PHYSICAL WEIGHT, ELECTRICAL POWER, AND EQUIVALENT WEIGHT OF 
FOUR C02 CONCENTE&TOR/SOLID ELECTROLYTE SYSTEMS FOR A 9-MAN 500-DAY MISSIONa 
Steam desorbed resin 
Molecular  s ieve  
Hydrogen depo la r i zed  ce l l  
Carbonation c e l l  
Phys ica l  
Weight , 












Equiva len t  
Weight, 





a. For s o l a r  c e l l  b a t t e r y  powered  system. 
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A.l Platinum-Zirconielurry Preparation 
100 g of ultrafine  platinum  powder  and  11.5 g of  stabilized 
zirconia  powder [ (ZrO ) (Y 0 ) W. R. Grace;  particle  size < 200i] 
were  mixed in  150 ml of  n-butyl  acetate  for 30 minutes. The  slurry  was 
then  homogenized  and  the  excess  solvent  was  removed  by  sedimentation  until 
the  total  volume  was  reduced  to  75  ml. 
2 0 .9  2 3 0.1’ 
A.2  Electrode  Application  and  Air  Sintering 
Before  applying  the  electrodes,  the  electrolyte  surface  was 
cleaned  by  boiling in aqua  regia  for 30 minutes.  After  boiling in water 
to  remove  the  aqua  regia,  the  specimen  was  allowed  to  dry  in  air  at  200°C. 
It  was  then  air  fired  to  1000°C  to  remove  any  traces  of  organic  material. 
The  following  steps  were  then  carried  out  to  apply  an  outside  electrode. 
1. The  electrolyte  was  optically  masked. 
2. A thin  layer  (2-3  mg/cm ) of slurry  was  applied  on  the  substrates 2 
with a spray  gun  from a distance  of 6 inches,  using  an  air  pres- 
sure  of 14 psi.  To  achieve a uniform  thickness,  the  substrate 
was  rotated  while  the  gun  was  moved  back  and  forth  along  the 
length  of  the  specimen. 
3 .  The sprayed  surfaces  were  dried  at  100°C  to  remove  the 
organic  solvent  and  thus  prevent  blistering  during  sintering. 
4. The  coating  was  sintered  in  air  at  1400°C.  The  sintering  cycle 
is  outlined  in  Table A-I .  
5 .  Steps 1-4 were  repeated  until  the  final  coating  weight  was 
reached.  Electrodes  were  applied  to  the  inside  of  the  tube  by 
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s tzp  
sp ray ing  from bo th  ends  wi th  an  inc l ined  ang le  of about 30". 
The coa t ing   weights  were 1-3 mg/cm pe r   app l i ca t ion .   Dry ing  




A I R  SINTERING CYCLE FOR THE PRODUCTION OF 
PLATINUM-ZIRCONIA CERMET ELECTRODES 
Purpose 
Remove s l u r r y  a g e n t  
Heat t o  s i n t e r i n g  
temperature  
S i n t e r  z i r c o n i a  s k e l e t o n  
Cool t o  room temperature  
Temperature-Time 
o r  H e a t i n g  Rate 
Room tempera tu re  to  
700°C;  10°C p e r  minute 
700"- 1400°C;  20"C/min 
( f a s t  h e a t i n g  rate t o  
minimize s tepwise 
s i n t e r i n g )  
Hold a t  1400°C fo r  
one hour 
1400" t o  700"C, c o o l  
a t  20°C p e r  minute  or  
s lower;  700°C t o  room 
tempera ture ,   10"  p e r  
minute  or  s lower.  
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APPENDIX B 
SELECTION OF BEST  FABRICATION  TECHNIQUES  FOR 
ELECTROLYSIS  CELLS AND STACKS 
B . l  P re l iminary   Screening  ~ of ~ Elec t rode   Appl ica t ion   Techniques  
The s t r u c t u r e  o f  a h igh  per formance ,  long- l i fe  e lec t rode  
mus t  be  h igh ly  po rous  to  enab le  r eac t an t  gases  (CO and H20)  t o  d i f f u s e  
t o  t h e  e l e c t r o d e  i n t e r f a c e  a n d  e l e c t r o l y s i s  p r o d u c t s  (CO and H ) t o  
d i f f u s e  away.  The s t r u c t u r e  m u s t  b e  t i g h t l y  bonded t o  t h e  s u b s t r a t e  s o  
t h a t  no d isa t tachment  w i l l  occur   in   p ro longed   opera t ion .   The   e lec t rode  
material must  have  h igh  e lec t ronic  conduct iv i ty  and  not  in te rac t  wi th  
other  components a t  high  temperature .  Two d i f f e r e n t  f a b r i c a t i o n  t e c h -  
niques were inves t iga t ed  unde r  th i s  con t r ac t  t o  p roduce  such  an  
e l e c t r o d e :  s p u t t e r i n g  a n d  s i n t e r i n g  of mix tu res   con ta in ing   p l a t inum 
and z i rconia .  
2 
2 
B . l . l  Sput tered  Pt-Zr02  Electrodes 
A d i r e c t  c u r r e n t  ( d c )  r e a c t i v e  s p u t t e r i n g  t e c h n i q u e  was 
employed t o   p r e p a r e   s p u t t e r e d  P t - Z r O  f i l m s .  A ca thode  w a s  made of 
platinum  and  zirconium. The r a t i o  o f  t h e  r e s p e c t i v e  s u r f a c e  areas w a s  
th ree .   Shor t   segments   o f   ha l f - inch   z i rconia   tubes  were used as t h e  
t a rge t .   The   depos i t i on   pa rame te r s  were as fo l lows:  
2 
Chamber p r e s s u r e  0 .01  Torr  
Sput ter ing atmosphere Argon, 3% H20 
Argon flow rate  35 cc/min 
Cathode vol tage 4.8 kV 
Plasma current  200 mA 
Microscopic   examinat ion  of   sput tered P t - Z r O  f i l m s   c o n t a i n i n g  2 
1 0  t o  20% Z r O  showed  them t o  b e  t i g h t l y  bonded t o  t h e  s u b s t r a t e  b u t  2 
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l a c k i n g  p o r o s i t y .  F i g u r e  Bla shows a v e r y  l i g h t  c o a t i n g  of 2 rng/cm . 
This d i s c o n t i n u o u s  d e p o s i t  h a s  a r e s i s t a n c e  of about  10 ohms, as measured 
w i t h  a multimeter between two p o i n t s  1 c m  a p a r t .  When the  coa t ing  den-  
2 
s i t y  was i n c r e a s e d  t o  5 mg/cm ( F i g .  B l b )  t h e  e l e c t r o l y t e  s u r f a c e  w a s  z 
covered with a c o n t i n u o u s  f i l m  a n d  t h e  r e s i s t a n c e  w a s  
(Fig.  B l c ) ,  t h e  r e s i s t a n c e  o f  t h e  e l e c t r o d e  d e c r e a s e d  
The dense cont inuous Pt-Zr02 f i lms produced 
1 ohm; a t  10 mg/cm 2 
t o  0.2 ohm. 
by reactive 
spu t t e r ing  do  no t  appea r  p romis ing  fo r  e l ec t rodes  because  the  l ack  o f  
p o r o s i t y  would c a u s e  s u b s t a n t i a l  r e s i s t a n c e  t o  t h e  d i f f u s i o n  of gases  
th rough  the  e l ec t rode :  
B.1.2  Sintered  Pt-Zr02  Electrodes 
The s i n t e r e d  Pt-ZrO e l e c t r o d e   h a s  a p o r o u s   s t r u c t u r e  
c o n s i s t i n g  70% by  volume of platinum phase and 30% by  volume of s t a b i l i z e d  
z i r c o n i a  ceramic phase (see Appendix A f o r  d e s c r i p t i o n  of t h e  a p p l i c a t i o n  
technique  employed).  The r a t i o  w a s  s e l e c t e d  s o  t h a t  b o t h  metal and 
ceramic phases  are cont inuous.   The  cont inuous ceramic phase   g ives   t he  
e l e c t r o d e  t h e  p r o p e r  s t r e n g t h  by b o n d i n g  t h e  e l e c t r o d e  s t r u c t u r e  t o  t h e  
s u b s t r a t e   v i a   d i r e c t   z i r c o n i a   s i n t e r i n g .  It  a l s o  prevents   agglomera t ion  
of  the  metal phase.   The  cont inuous  metal   phase  maintains   high e l ec t r i ca l  
conduc t iv i ty .  
2 
Both t i g h t  a d h e r e n c e  and  un i fo rm d i s t r ibu t ion  of P t  i n  t h e  
s i n t e r e d  Z r O  phase  are s e e n  i n  t h e  c r o s s  s e c t i o n  shown i n  F i g .  B2. 
The h i g h  p o r o s i t y  o f  t h e  c o a t i n g  was r ead i ly  demons t r a t ed  by apply ing  a 
d r o p  o f  i n k  t o  t h e  s u r f a c e  a n d  o b s e r v i n g  t h e  s p r e a d i n g  o f  t h e  i n k  by 
c a p i l l a r y  a c t i o n .  The  cont inuous  meta l l ic  phase  provides  a high  con- 
d u c t i v i t y ,  a medium t h i c k  c o a t  1 0  mg/cm g i v e s  a r e s i s t a n c e  o f  0 .1  t o  
0.15 ohm when measured with a multimeter between two p o i n t s  1 c m  a p a r t .  
Based  on t h e  a b o v e  o b s e r v a t i o n s ,  t h e  s i n t e r e d  Pt-ZrO cermet f i l m s  were 





a. Film  Density  2mg/cm 2 
b. Film  Density  5mg/cm 2 
c. Film  Density  lOmg/cm 2 
Fig. B1 Cross  sections of electrode  films  produced by reactive 
sputtering (1OOOX) 
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Fig .  B2 -- S i n t e r e d  P t - Z r O  e l ec t rode .   Cross   ec t ion  
2 view a t  l O O O X  
f a b r i c a t i o n  v a r i a b l e s  and of o p e r a t i n g  c o n d i t i o n s  o n  t h e  l i f e  o f  
s o l i d  e l e c t r o l y t e  e l e c t r o l y s i s  u n i t s .  
B.2 Cons t ruc t ion   o f   E lec t ro lys i s   S t acks  
S i x  s o l i d  e l e c t r o l y t e  e l e c t r o l y s i s  s t a c k s  (OBS 1/13, 15 ,   16 ,  
1 7 ,  18 and 1 9 )  were c o n s t r u c t e d  f o r  t h e  f a b r i c a t i o n  v a r i a b l e  l i f e  tests. 
The b e l l  and spigot  c e l l s  were produced from 112 inch tubes of s t a b i l i z e d  
z i rconia-y t t r ia ,   machined   to   the   d imens ions  shown i n  F i g .  3 ( s e e  S e c t i o n  4 
of t h e  body  of t h e  r e p o r t ) .  The f a b r i c a t i o n  s e q u e n c e  t o  make t h e s e  s t a c k s  
is i l l u s t r a t e d  i n  F i g .  B3.  A l l  of t h e  e l e c t r o d e s  were f a b r i c a t e d  w i t h  
s i n t e r e d  Pt-ZrO cermet, e x c e p t  t h e  i n s i d e  e l e c t r o d e s  o f  t h e  f i r s t  two 
s t a c k s  (OBS #13  and OBS #15)  which were c o n v e n t i o n a l  s i n t e r e d  P t .  Two 
d i f f e r e n t  n o b l e  metal a l l o y s  were used as s e a l a n t s  f o r  b r a z i n g  o f  ce l l '  
j o in t s .   P l a t inum-go ld   a l loy  was used i n  OBS 1/13, 16,  18  and  19,  and 




Inspect Machine  Clean Substrate  Substrate 
Oxygen Electrode Evaluate Pt-Zr02 
Raw Material a. Mask Oxygen Electrode 
a .  Measure  Dimensions 
b .  Leak Test  
" a .  B e l l  & S p i g o t   C e l l  =- a .  Wash b. A i r  Spray  Pt-Zr02 
b. End Cap 
c .  Base  Tube c .  F i r e  .to lO00"C 
Slurry  a.   Measure  Resistance 
b .  Dry 
c .  Dry  b . Weigh 
d .  S i n t e r  a t  140D°C 
i n  Air For 1 Hour 
7 Fuel Electrode I a .  Mask 
1 b. Air Spray Pt-Zr02 S l u r r y  
c .  D r y  
d. S i n t e r  a t  1400'C 
i n  A i r  For 1 Hour 
Outside Electrode Coated 
Joint  Connection 
a .   P t   P l a t e  
b .  Anneal a t  1000°C 






a .  Hand F i t  
b .   App ly  Au W i r e   F i l l e r  a t  25% t-i a .  Leak Test i n   A i r  
C .  H z  Braze a t  1D70°C 
f o r  5 min 
b.  Measure Jo int  
Resis tance 
1 e.  Dry I
F i n i s h e d  E l e c t r o l y s i s  S t a c k  
Fig. 63 -Flowsheet of oxygen  regeneration electrolysis stack  production 
B . 3  Effec t  o f  Fabr i ca t ion  Var i ab le s  on  Pe r fo rmance  
The  ob jec t ive  o f  t h i s  phase  of the  program was  to  select t h e  
b e s t  t e c h n i q u e s  f o r  e l e c t r o d i n g  t h e  ce l l s  a n d  f o r  j o i n i n g  ce l l s  toge the r  
i n t o   s e r i e s - c o n n e c t e d   s t a c k s .   S e l e c t i o n  of t he   bes t   t echn iques  was 
based  upon  r ep roduc ib i l i t y ,  i n i t i a l  pe r fo rmance  and  degrada t ion  of per- 
formance with time, 
1. 
2. 
3 .  
4 .  
5. 
The f a b r i c a t i o n  v a r i a b l e s  i n v e s t i g a t e d  i n c l u d e d :  
E lec t rode   app l i ca t ion   t echn ique  -- s i n t e r e d  Pt-ZrO e l e c t r o d e s  
were compared wi th  the  bes t  compos i t e  e l ec t rodes  (OBS # 8 ) .  
C e l l  seometry -- c e l l s  w i t h  1 . 7  cm a c t i v e  l e n g t h  were compared 
wi th  those  of 0 .58  cm a c t i v e  l e n g t h ;  a prime concern was t o  
de t e rmine  i f  un i fo rm ins ide  cove rage  cou ld  be  ach ieved  wi th  the  
longer  c e l l s .  
Jo in ing  technique  -- Pt-Au brazing techniques used previously 
were compared w i t h  a new Pt-Au brazing  technique  employing 
t i g h t e r  t o l e r a n c e s  a s  w e l l  as with one employing a  Pt-Pd-Ag 
b raz ing  a l loy .  
Anode l o c a t i o n  -- 0 gene ra t ion  a t  t h e  i n s i d e  e l e c t r o d e  r a t h e r  
t h a n  o u t s i d e  e l e c t r o d e  was t e s t e d .  
E lec t rode  weight  -- 10 mg/cm2 vs 20 mg/cm2 was cons ide red  fo r  
s e l ec t ed  e l ec t rod ing  t echn ique ,  c e l l  geomet ry ,  b raz ing  a l loys  
and anode locat ion.  
2 
2 
In  the  r ema inde r  of Sec. B . 3  , t h e  e f f e c t s  of t h e s e  v a r i a b l e s  
are f i r s t  d i s c u s s e d  i n  terms of t h e  i n i t i a l  p e r f o r m a n c e  and  then  in  terms 
o f  the  long  term performance. 
B . 3 . 1  I n i t i a l  Performance 
Each e l e c t r o l y s i s  s t a c k  w a s  f i r s t  o p e r a t e d  a t  100 m a / c m 2  f o r  
s e v e r a l  d a y s  u n t i l  a s t a b l e  v o l t a g e  was o b t a i n e d .  I n i t i a l  c e l l  r e s i s t a n c e  
and  po la r i za t ion  were then  de te rmined  by  the  cu r ren t - in t e r rup t  method 
(Reference 1 5 ) .  Oxygen product ion  ra te  was measured,  gas  samples were 
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analyzed by gas  mass  spectrometer,  and  Faradaic  current  efficiency  was 
calculated. In  Table B-I  the  initial  performances of OBS #13 and OBS 
#15  through 19 are  compared  with  the  initial  performance  of OBS #8, 
the  best  electrolysis  stack  constructed  during  the  previous  contract 
(Reference  3 , pp.  30-33) . 
TABLE 8-1 
Compar i son  of I n i c i a l  P e r f o r m a n c e  o f  B e l l  and S p i g o t  Cel l  Stacks 
~ ." . . . . . 
OBS 118 
~ . .  
COrnpOSite~ 
P t  
10.1 
8 . 7  
PC-A" 





0 . 5 1  
0 . 5 5  
0 . 4 7  
0 . 5 1  
0 . 5 5  
0 . 5 2  
-
0 . 2 4  
0 . 1 4  
0.18 
0.18 
0 . 2 5  




1 . 1 5  
1.10 
1.10 







I I i 
I 
OBS 6 1 3  
Pt-ZrOZ 
P t  
12 .0  







0 . 2 4  
0 . 1 0  





0 .27  
0 .19  
0 . 2 4  
0 . 2 4  
"" 
"" -
0 .29  
-~ - 
1.19 




1 .15  
.. 
. ..  
OBS n15 
~- 
Pt -Zr02  
P t  
1 0 . 1  
11 .5  
PC-Pd-Ag 





0 . 2 7  
0.2L 




0 . 2 4  
0 . 2 5  
0 . 2 8  
0 . 1 0  
"" 
I . = =  
, n 2 8  
. -  
1.11 
1 . 1 5  
1 .19  
"" 
- "" 
1 . 1 5  
9 2   9 1  
-~ 
OB5 1116 
-. .. . 
Pt-ZrO2 
p t - z r o  
12 .1  
1 0 . 7  
PC-AU 
1 .2  
b 
900 
8 5  
- 
0 . 3 4  
0 . 1 4  




0 . 1 5  
0 . 2 1  
0 .26  
0 . 2 2  
"" 
"" -
0 . 2 1  
" 
1 .40  
1 .15  
1 .45  
"" 
- "" 
1 . 4 0  
9 2  
~~ 
OBS a17  ___ 
p t - z r o 2  
p t - z r o 2  
1 0 . 2  
9 . 5  
Ft-Pd-Ag 
1 . 2  
2 
900 
8 5  
1 .2  
0 .85  
I .  15  
2.0 
0 .8  
1 . 2 4  
" 
~ ~. 
0 .49  
0 . 5 0  
0 . 4 9  
0 . 4 1  
0 . 4 1  
0 .46  
-
1 . 5 4  
1 . 4 7  
1.70 
1 .95  
1.50 











1 . 2  
6 
900 
8 5  
0.11 
0.18 





0 .22  
0 . 2 1  
0 . 2 6  
"" 
- 



















0 .29  
0 . 2 5  
0 . 2 5  
"" 
"" 
0 .27  
0. 25 
0 .19  
0 . 2 0  
"" 
"" -
0 . 2 1  
1 . 4 0  
1 .15  
1 . 3 7  
"" 
- "" 
1 . 1 7  
9 5  
a .  s p u t t e r e d   P t - z r O 2   a n d   s i n t e r e d   P t .  
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The e f f e c t s  o f  t h e  f a b r i c a t i o n  v a r i a b l e s  o n  i n i t i a l  c e l l  
r e s i s t a n c e ,  p o l a r i z a t i o n ,  a n d  t i g h t n e s s ,  w h i c h  c a n  b e  n o t e d  f r o m  t h e  
r e s u l t s  i n  t h e  t a b l e ,  were: 
1. Both i n i t i a l  r e s i s t a n c e  a n d  p o l a r i z a t i o n  f o r  OBS i l l7  were 
cons ide rab ly  h ighe r  t han  fo r  any  o f  t he  o the r  ce l l s  t e s t e d .  
This poor performance resulted from a malfunction of the thermo- 
couple  used  dur ing  braz ing .  A s  a r e s u l t  t h e  s t a c k  was t a k e n  t o  
too  h igh  a tempera ture  s o  t h a t  most of t h e  b r a z i n g  a l l o y  m i g r a t e d  
o v e r  t h e  e l e c t r o d e  s u r f a c e  ( c l o s i n g  p o r e s  a n d  c a u s i n g  h i g h e r  
po la r i za t ion )  and  ve ry  l i t t l e  f l o w e d  i n t o  t h e  j o i n t  ( c a u s i n g  
h i g h e r  r e s i s t a n c e ) ,  
2 .  The r e s i s t a n c e  f o r  t h e  l o n g e r  ( 6  cm2 a c t i v e  a r e a )  c e l l s  are  
g e n e r a l l y   l o w e r   t h a n   f o r   t h e   s h o r t e r   c e l l s .   ( T h i s   o b s e r v a t i o n  
i s  d i s c u s s e d  i n  some d e t a i l  b e l o w . )  
3. The p o l a r i z a t i o n  a t  200 mA/cm does   no t   appea r   t o   be  a s t r o n g  
func t ion  of e l e c t r o d e  material, e l e c t r o d e  w e i g h t ,  j o i n i n g  
t echn ique ,  anode  loca t ion ,  o r  c e l l  geometry. 
2 
4 .  S t a c k s   f a b r i c a t e d   w i t h   t h e  new jo in ing   t echn iques   (u s ing  
t i g h t e r  t o l e r a n c e s )  a l l  had lower   l eakage  rates ( a s  i nd ica t ed  
by i n i t i a l  oxygen p u r i t y )  t h a n  d i d  OBS 118. This  w a s  t r u e  f o r  
bo th  b raz ing  a l loys  employed .  
5.  The t o t a l  d r i v i n g  v o l t a g e  p e r  ce l l  i s  h i g h e r  f o r  l a r g e  area 
cel ls  t h a n  f o r  s h o r t  ce l l s  (see d i scuss ion  be low) .  
The d i f f e r e n c e s  i n  c e l l  r e s i s t a n c e  a n d  t o t a l  v o l t a g e  p e r  c e l l  
between the long c e l l s  and  the  sho r t  c e l l s  is a d i r e c t  r e s u l t  o f  t he  
change i n  geometry, and do not i n  t h e m s e l v e s  i n d i c a t e  a s u p e r i o r i t y  o f  o n e  
e l ec t rod ing  o r  j o in ing  t echn ique  in  compar i son  to  the  o the r s .  
The longer geometry was t r i e d  on  the  bas i s  o f  p rev ious  op t i -  
miza t ion  s tud ie s  (Refe rence  3 ,  pp.   102-113)   which  indicated  that   act ive 
areas between 4 and 8 c m  / c e l l  would r e s u l t  i n  a lower  to t a l  we igh t  pena l ty  




f e w e r  j o i n t s  are r e q u i r e d .  S i n c e  s t a c k  f a i l u r e  u s u a l l y  is a s s o c i a t e d  
w i t h  t h e  j o i n t  area, fewer j o i n t s  i m p l i e s  l o w e r  p r o b a b i l i t y  o f  f a i l u r e .  
Therefore ,  fewer  spares  are requ i r ed  to  ach ieve  a g i v e n  r e l i a b i l i t y  f o r  
a s p e c i f i c  m i s s i o n .  The pena l ty  tha t  one  pays  fo r  such  a design i s  h ighe r  
t o t a l  v o l t a g e  p e r  ce l l  ( i . e . ,   l ower  power e f f i c i e n c y ) .  The o p t i m i z a t i o n  
s t u d i e s  showed t h a t  t h e  a n t i c i p a t e d  i n c r e a s e  i n  r e l i a b i l i t y  would out- 
we igh  the  an t i c ipa t ed  decrease i n  power e f f i c i e n c y .  
The components of t h e  ce l l  r e s i s t a n c e  f o r  l a r g e  area cel ls  
(based on OBS 1/16 and 18) are compared w i t h  t h o s e  f o r  OBS 1i8 i n  T a b l e  B-11. 
S i n c e  t h e  e l e c t r o l y t e  r e s i s t a n c e  is i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  ce l l  
active area, t h e  l a r g e  ce l l  e l e c t r o l y t e  r e s i s t a n c e  w a s  reduced  to  one  
t h i r d  of t h e  small one  (0.12 R vs. 0.36 R ) .  The computation  of elec- 
t r o d e  r e s i s t a n c e ,  j o i n t  r e s i s t a n c e  a n d  i n t e r f a c e  r e s i s t a n c e  f o r  OBS 1i8 
were d i scussed  p rev ious ly  by Elikan and Morris (Reference 3 ,  pp.  30-33). 
The es t imat ion  of  these  res i s tance  components  for  the  la rge  cel ls  was 
based upon measurements on OBS 1/16, 18, and 19 and is shown i n  T a b l e  
B-111. Assuming t h a t  t h e  r a t i o  of f i l m  t h i c k n e s s e s  w a s  e q u a l  t o  t h e  
r a t i o  of e l ec t rode  coa t ing  we igh t s ,  t he  ave rage  e l ec t rode  r e s i s t ance ,  
Re, f o r  OBS 816 and 18 w a s  0.221 R ,  corresponding to  a p / 6  = 0.45 ohms. 
This is approximately the same a s  t h e  v a l u e s  (0 .4  to  0 .6  ohms) measured 
f o r  s i n t e r e d  P t  e l e c t r o d e s  o f  t h e  same weight  dens i ty .  
TABLE n-11 
L , ~ ~ ~ p d r l . t > n  111 H e s t 5 t , l n ~ 1 -  U I  >,tor t  and Long B e l l  end S p l g l l i  c ,  1 l . i  
- 
D e s c r l p t l o n  ' "Si,,, B e l l  and Spigot Cell T L-0:8,11 and S p l g o t  C e l l  -. "" .. . - - 1 ____ 
L = 1 . 7 0  c m  
D - 1.1 C" 
nOL = 1 . 7  x 1 . 1  x 3 .14  I 5 . 9  m 2  
O b  - Ian - cm 
6b ~ 0.04 cm 
%. - xi7 = 3.14  x 1 . 7  x 1.1 - o.123n Ob6b 1E x 0 . 0 4  
( O )  = ( 9  = 0.15 ( c a l c u l a t e d   b a s e d  = = on experlmenLal  valuer - 
See T a b l e  8-111)  
R l  + R - 0 . 0 2 1  ohm (experimental) 




C a l c u l a t i o n  of (") a n d  J o i n t  R e s i s t a n c e  of S i n t e r e d   P t - Z r 0 2   E l e c t r o d e  
B a s e d  on t h e  R e s i s t a n c e s  o f  Cells w i t h  D i f f e r e n t  E l e c t r o d e  T h i c k n e s s e s  
6 
I I T h i n   E l e c t r o d e s  I T h i c k   E l e c t r o d e  
Wc, C a t h o d e   w e i g h t ,  mglcm 
W a ,  Anode   we igh t ,  mglcm 
R c ,  A v e r a g e   c e l l   r e s i s t a n c e ,  ohms 
\, E l e c t r o l y t e   r e s i s t a n c e ,  ohms 




o f   i n t e r f a c e .   j o i n t ,   a n d   e l e c t r o d e s  
OBS /I16 
1 2 . 3  
1 0 . 7  
0 . 3 5  
0 . 1 2 3  
0 . 2 2 7  
OBS 1/18 
1 0 . 1  
1 0 . 5  
0 . 3 8  
0 . 1 2 3  
0 . 2 5 7  
A v e r a g e  
1 1 . 2  
10.6 
0 . 3 6 5  
0 . 1 2 3  
0 . 2 4 2  
OBS  1119 
1 9 . 7  
1 8 . 3  
0 . 2 7  
0 . 1 2 3  
0 . 1 4 7  
5 W 
'k 'k 
T h e   t h i c k n e s s   r a t i o  oE t h e  two e l e c t r o d e s  (?) c a n   b e   c a l c u l a t e d   b y  t h e  w e i g h t   r a t i o  (2) 
w h e r e   s u b s c r i p t s  n a n d  k refer t o  "thin" a n d   " t h i c k "   e l e c t r o d e s ,   r e s p e c t i v e l y .  
Fo r  Ca thode  
Assume t h e   j o i n t   a n d   i n t e r f a c e   r e s i s t a n c e s   a r e   i n d e p e n d e n t  o f  e l e c t r o d e  r e s i s t a n c e  
F o r  t h i n  e l e c t r o d e :  
( R , ) ~  + R j  + R i  = [+ + $1 + R .  + R i  = 0 . 2 4 2  
c ' a n  J 
F o r   t h i c k   e l e c t r o d e :  
( R  ) + R .  + R .  = - [- + "] + R .  + R .  = 0 . 1 4 7  Lo 1 1 
e k  J 1 2 n D  6 h a k  J 1 
s i n c e   ( 6 c ) n  : = 6 ,  , . ( 5 c ) k  = 1.751, ,  ( 6  ) = 1. 735 
a k  
w h e r e  L = 1. 7 cm, D = 1.1 cm. 
S u b s t i t u t i n g   t h e s e   i n t o  (9-1) and  (B-2) we h a v e  
( 0 . 4 9 5 )  (:) + R .  + Ri + . 2 4 2  
( 0 . 2 8 5 )  (%) + R .  + Ri  = . 1 4 7  
3 
I 
S o l v i n g   ( 8 - 3 )   a n d   ( 8 - 4 )   s i m u l t a n e o u s l y ,  we h a v e  
0 . 2 1  (9) = 0 . 0 9 5 ,  (") = 0 . 4 5  ohms E 
a n d  R .  + R .  = 0 . 0 2 1  ohms 
1 J  
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The major improvement i n   i n i t i a l  per formance  for  the  stacks 
c o n s t r u c t e d   u n d e r   t h i s   c o n t r a c t  i s  improved j o i n t   p e r f o r m a n c e .   I n  
a d d i t i o n  t o  t h e  h i g h e r  o x y g e n  F u r i t y  c i t e d  p r e v i o u s l y ,  t h e  sum o f  j o i n t  
resistance p lus  contac t  res i s tance  has  been  decreased  f rom an  es t imated  
.08 ohms f o r  OBS 118 t o  . 0 2 1  ohms. 
One f e a t u r e  o f  T a b l e  B - I  is n o t  c l e a r l y  u n d e r s t o o d .  The 
i n i t i a l  resistances of OBS 1/13 and OBS a15 are s i g n i f i c a n t l y  l o w e r  t h a n  
t h o s e  f o r  OBS 1/16 and OBS 1/18. The e l e c t r o d e  w e i g h t s  f o r  a l l  o f  t h e s e  
s t a c k s  were comparable, ~ 1 0  mg/cm . The c e l l s  with  lower  apparent  
r e s i s t a n c e  pumped oxygen  from t h e  i n s i d e  t o  t h e  o u t s i d e  o f  t h e  c e l l s  and 
emplpyed s i n t e r e d  P t  r a t h e r   t h a n   s i n t e r e d  Pt -ZrO as the  cathode.  Whether 
ca thode  loca t ion  o r  ca thode  material c a u s e d  t h e  r e d u c t i o n  i n  e l e c t r o d e  
res i s tance- -or  some ou t s ide  in f luence  such  as a s u b t l e  c h a n g e  i n  f i r i n g  
procedure--was not established. 
2 
2 
B . 3 . 2  L i f e  Test  R e s u l t s  
With the  excep t ion  o f  OBS # 1 7 ,  a l l  o f  t h e  s t a c k s  t e s t e d  i n  
th i s  phase  o f  work  ach ieved  an  ope ra t ing  l i f e  o f .80  days  o r  l onge r .  Bo th  
c e l l  d r i v i n g  v o l t a g e  a n d  c u r r e n t  e f f i c i e n c y  showed a h igh  degree  of  
s t a b i i i t y  d u r i n g  t h e  l i f e  t e s t .  C e l l  v o l t a g e s  vs .  t i m e  a r e  p l o t t e d  i n  
F igs .  B4 and B5. The r e s u l t s  a r e  summarized i n  T a b l e  B - I V .  
The primary measure of c e l l  performance a t  a g iven  t i m e  i s  t h e  
power requi red   per   un i t   weight   (or   vo lume)  of oxygen  generated.  The 
f i g u r e  m o s t  o f t e n  c i t e d  i s  t h e  power required to produce enough oxygen 
t o  support   one man (watts/man).   This is a n  u n f o r t u n a t e  c h o i c e ,  s i n c e  t h e  
oxygen required by a man v a r i e s  w i t h  a c t i v i t y  level and from person to  
person .  No i n d u s t r y   s t a n d a r d  "man" has   been  es tabl ished.   For   example,  
Popma and  Col l ins   (Reference 1 6 )  s e l e c t e d  1 . 9 2  l b s  o f  0 per  day  per  man 
whi l e  t he  AILSS s tudy  w a s  based on 1 .72  lb s  pe r  day .  
2 
The  power requirements computed i n  t h i s  r e p o r t  are based upon 
2.0 l b s  o f  0 p e r  man pe r  day ,  p r imar i ly  as a r e s u l t  o f  a man's  require-  
ments h a v i n g  b e e n  t h u s  d e f i n e d  i n  t h e  o r i g i n a l  c o n t r a c t  work s t a t emen t  
2 
-85- 
2.0 I OBS # 13 Feed Gas C02 80 cc l   min H20 20 cclmin 
I I , I I I I 
= 
0 
m 50 100 
a- 2.0 
s 
x 1. 0 





Current Density 200 mA/c 
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5 1. 0 r b  m Current Density 200 rnA/crn* 
I I I 1 1 
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Feed Gas COz 80 cdrnjn 
H20 3 cclmin 
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Current Density 200 rnA/crnZ 
Days 
Fig. B 5  -- Life test  performance of OBS #17, 18 and 19 
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Description 
Electrode weight (average) mglcrn2 
Joint sealant alloy 
C02 Llovrate cclmin 
water vapor x 
Number of cells  operated 
Anode  position 
Average cell  voltage ( V . )  
Initial  volts 
30th day 
60th day 









Electrolysis  power (P) 
Initial watclma! 
After 90 days 
Paver  degradation rate 
vattlmanlda! 
T h e  in operation day! 
TABLE 8-IV 
Summary of Fabricncion  Variable Life  Tests 
Current  density  200 m a l m 2 ,  temperature 900V 
OBS 118 
95 
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80  80 
Pt - Au PC - Au 
19.0 




















co high DD l i g l l  nD* 
Switched 
after 99 afrer  60 
High DD: High degree of decomposition  of  C02 and water 
(Contract  NAS1-7306).  Adoption  of a  more  definitive  performance  criteria 
for  electrolysis,  such  as  watt  hours/lb of oxygen  produced is recommended. 
Power per  man is defined in this  work as 
V x I x Ns x 498 
P =  03-51 
-87- 
where V = average  cell  driving  voltage,  volts 
I = cell  current,  amps 
N = number  of  cells 
S 
498 = cc/min  of O2 at  RTP  equivalent  to 2.0 lbslday 
Fo2 
= flow  rate  of  pure O2 produced,  cc/min 
= oxygen  stream  flow x  oxygen purity 
Alternately  the  electrolysis  power/man  can  be  defined  in  terms 
of  the  driving  voltage  and  the  current  efficiency. 
Let E = current  efficiency 
- pure  oxygen  produced  at a given  current  flow 
theoretical  oxygen  at a given  current  flow 
F ~ ,  mln %" (RTP) 
3.9  cc (RTp) x I(amp) x N, min amp 
where  RTP = room  temperature  and  pressure 
Therefore 
Substituting E q .  (B-7) into (B-5) 
The  multiplier  of V / E  in E q .  (B-8)  (126.8) is  the  current  flow  (amps) 
required  to  produce 2.0 l b s  of  oxygen/day. 
-88- 
The rate o f  d e c l i n e  i n  ce l l  performance i s  i n d i c a t e d  by t h e  
power deg rada t ion  rate, de f ined  as 
" - power deg rada t ion  rate 
A t  
- (Power a t  t i m e  t )  - (Power a t  t i m e  zero) 
t 
t = t h e  time on test .  
The overa l l  per formance  dur ing  the  tes t  can  be  ind ica t ed  
q u a n t i t a t i v e l y  by t h e  a v e r a g e  e l e c t r o l y s i s  power r e q u i r e d  d u r i n g  t h e  
tes t  p e r i o d ,  i . e . ,  
For a l i n e a r  d e g r a d a t i o n  ra te  
= P(0) + 1 / 2  (at) t AP 
Thus, i f  t h e  d e g r a d a t i o n  rate is  l inear,  t h e  a v e r a g e  power/man 
f o r  60 days  is  e q u a l  t o  t h e  powerlman required on the 30th day, ,  e tc .  
I n  t h e  s u b s e c t i o n s  w h i c h  f o l l o w ,  t h e  e f f e c t  o f  v a r i o u s  f a b r i c a -  
t i o n   v a r i a b l e s  on P (180) i s  d i scussed .  
AViZ 
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B.3.2.1 Overall E f f e c t  o f  New Elec t roding  and  Jo in ing  
Technique 
T h e  m o s t  d r a m a t i c  e f f e c t  t o  b e  n o t e d  i n  T a b l e  B-IV is reduc t ion  
i n  power deg rada t ion  rate a n d  e l e c t r o l y s i s  power a t  the  end  of 90 days. 
The average  power r e q u i r e d  a t  the  end  of  90  days  for  OBS #13, 15, 16,  
18, and 19, a l l  made using s intered Pt-Zr02 anodes and employing closer  
t o l e r a n c e s  f o r  t h e  j o i n t  f i t ,  was 222.2 wattslman compared t o  309 
wa t t s lman  fo r  OBS #8, t h e  b e s t  o f  t h e  s t a c k s  made with composite anodes 
and less s t r i n g e n t  j o i n t  t o l e r a n c e s .  
Microscopic examination showed t h a t  t h e  two p r i n c i p a l  c a u s e s  
of f a i lu re  obse rved  p rev ious ly  (Refe rence  3 ,  pp. 4 0 - 4 4 ) ,  e l e c t r o d e  p e e l i n g  
and  d i scon t inu i ty  a t  t h e  e l e c t r o d e  j o i n t  i n t e r f a c e ,  h a d  b e e n  e s s e n t i a l l y  
e l imina ted .  The  comparison shown i n   F i g .  B6 i s  typ ica l .   Excep t   fo r  
OBS #17, none of the new cel ls  t e s t e d  i n  t h e  f a b r i c a t i o n  v a r i a b l e  tests 
f a i l e d ;  t h e  l i f e  tests were t e r m i n a t e d  i n  o r d e r  t o  u s e  t h e  test  fac i l i -  
t ies  f o r  t h e  s t u d y  o f  t h e  e f f e c t  of o p e r a t i n g  v a r i a b l e s .  
It is b e l i e v e d  t h a t  most of the  improvement i n  l i f e  n o t e d  
above  can  be  a t t r i bu ted  to  the  use  o f  s in t e red  Pt-ZrO e l e c t r o d e s  r a t h e r  
than   composi te   e lec t rodes .  The lower   j o in t   l eakage   and   r e s i s t ance   d i s -  
cussed  under  in i t ia l  per formance  (Sec .  B .3 .1)  were t h e  p r i n c i p a l  b e n e f i t s  
a c h i e v e d  b y  c l o s e r  j o i n t  t o l e r a n c e s .  
2 
It i s  of p a r t i c u l a r  s i g n i f i c a n c e  t o  n o t e  t h a t  t h e  b e t t e r  j o i n t  
performance was ach ieved  desp i t e  t he  use  of t he  longe r  c e l l  geometry 
w h i c h   t r i p l e d   t h e   c u r r e n t   d e n s i t y   t h r o u g h   t h e   j o i n t .   T h i s  i s ,  perhaps,  
t he  s t ronges t  ev idence  ava i l ab le  fo r  t he  d rama t i c  improvemen t  ach ieved  
by  the  new t echn iques  fo r  e l ec t rod ing  and  jo in ing .  
B.3.2.2  Effect  of  Brazing  Alloy 
The primary difference noted between the two b r a z i n g  a l l o y s  
was t h a t  t h e  Pt-Au brazing process  seemed to  be more e a s i l y  c o n t r o l l e d .  
The Pt-Ag-Pd j o i n t s  were brazed  a t  1200°C whi l e  t he  Pt-Au j o i n t s  were 
brazed a t  1070°C. Less exper ience  was a v a i l a b l e  t o  g u i d e  i n  t h e  selec- 
t i on  o f  con t ro l  me thods  used  fo r  t he  Pt-Pd-Ag and only one of  the two 
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F i g .  B-6a - Comparison of electrodes and e lectrode-joint  interface o f  
stacks constructed by  new fabrication technique (OBS #19) 
and by old techniques (OBS #8).  
-91- 
F i g .  B-6b - Comparison o f  electrodes and electrode-joint interface o f  
stacks constructed by new fabrication technique (OBS #19) 




F i g .  B-6c - Comparison of electrodes and  electrode-joint interface of 
stacks constructed by new fabrication technique (OBS #19) 
and by o l d  techniques (OBS #8). 
-93- 
s t a c k s   c o n s t r u c t e d   a n d   t e s t e d  w a s  s a t i s f a c t o r y .  The P (90) f o r   t h e  
good s t a c k  (OBS 1/15) was 214 watts/man, which is w i t h i n  t h e  r a n g e  o f  
t h e  power requirements of the  s tacks  employing  Pt-Au j o i n t s .  
Avtz 
OBS 1'117 i s  an example of a Pt-Pd-Ag bra7:ed s tack  over  which  
f u l l  c o n t r o l  was not   ach ieved .   The   s tack  was overheated.  The f a c t  t h a t  
t h e  Pd a l l o y  d i d  n o t  f l o w  i n t o  t h e  j o i n t  b u t  m i g r a t e d  a b o v e  i n t o  t h e  
ca thode  of  the  c e l l s  w a s  l a te r  confirmed by the cross-section examina- 
t i o n s  o f  t h e  c e l l  j o i n t  a f t e r  l i f e  test .  I n i t i a l  c h a r a c t e r i z a t i o n  o f  
OBS #17  showed both  ce l l  r e s i s t a n c e  a n d  c e l l  v o l t a g e  were abnormally 
h igh .  
B . 3 . 2 . 3  E f f e c t  o f   Other   Fabr ica t ion   Var iab les  
I n  a d d i t i o n  t o  e l e c t r o d e  a p p l i c a t i o n  t e c h n i q u e , t h e  c e l l  
geomet ry , and  the  b raz ing  a l loy ,  o the r  a spec t s  o f  t he  f ab r i ca t ion  p ro -  
cedure  inves t iga ted  inc luded  the  p lacement  of  the  anode  ( ins ide  vs .  ou ts ide)  
and  the  weight  of  the  e lec t rodes  appl ied .  
Increas ing  the  e lec t rode  weight  f rom approximate ly  10  mg/cm 2 
t o  1 9  mg/cm2 caused a s i g n i f i c a n t   r e d u c t i o n   i n  P (90) .   This   conc lus ion  
is  based on a comparison of the performance of OBS 1/19 a g a i n s t  t h a t  o f  
OBS 1/16 and OBS 1/18, which were i d e n t i c a l  i n  a l l  r e s p e c t s  e x c e p t  e l e c t r o d e  
weight .  
Avg 
No s i g n i f i c a n t  d i f f e r e n c e  was f o u n d  u t i l i z i n g  a s i n t e r e d  
Pt-ZrO e l e c t r o d e  o n  t h e  o u t s i d e  as the  anode  r a the r  t han  a similar 
e l e c t r o d e  o n  t h e  i n s i d e .  T h i s  c o n c l u s i o n  i s  based  on  the  comparison 
2 
of  OBS #13 and 15  wi th  OBS 11's 1 6 ,  18, and  19.  The  stacks  with  the  anode 
o n   t h e   i n s i d e  showed a P (90)  of  217.5  wattslman  compared  to  224.7 
Avg 
wat t s /man for  s tacks  wi th  the  anode  on  the  outs ide .  
8 . 4  Selec ted   Fabr ica t ion   Techniques  
The f a b r i c a t i o n  method chosen f o r  t h e  c o n s t r u c t i o n  o f  t h e  
e l e c t r o l y s i s  s t a c k s  f o r  t h e  s t u d y  of o p e r a t i n g  v a r i a b l e  e f f e c t s  a n d  
fo r  u se  in  the  b readboard  employed :  
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r 
1. Sintered  Pt-ZrO  anodes  and  cathodes. 
2. Long  cell  geometry. 
2 
3 .  Pt-Au  brazing  with  close  dimensional  tolerances. 
4 .  Anode  placement  on  the  inside. 
5. Electrode  densities  between 15 and 20 mg/cm 2* 
Selection  of  sintered  Pt-ZrO  electrodes  and  close  dimensional 2 
tolerances  was  clearly  dictated  by  the  significant  improvement  in  long 
term  performance  demonstrated in previous  sections. The  long  cell geo- 
metry  was  selected  because  no  de.trimenta1  effect  on  life  was  noted a 
result  of  tripling  the  current  density  through  the  joint,and  previous 
optimization  studies  indicated  that  the  small  increase  in  power/man 
resulting  from  slightly  higher  resistance  losses  would  be  outweighed  by 
the  reduction  in  the  number of spare  stacks  as  a  result  of  reducing  the 
number  of  joints. 
Anode  placement  on  the  inside  was  chosen  primarily  to  allow 
complete  freedom  in  base  plate  design  for  the  breadboard. 
High  weight  densities  were  chosen  because  of  their  apparent 
reduction  in  electrode  resistance  without  noticeable  increase  in  polari- 
zation  as  well  as  the  statistically  significant  reduction  in P(90). 
Ft-Au  brazing  was  selected  because of the  improved  tightness 
and  life  characteristics  achieved  in  this  study  and  because  longer  ex- 
perience  in  the  use  of  this  alloy  allowed  better  reproducibility  than 




EFFECT  OF  OPERATING CONDITIONS ON ELECTROLYSIS  TACK  PERFORMANCE 
I n  o r d e r  t o  d e f i n e  t h e  optimum o p e r a t i n g  c o n d i t i o n s  f o r  t h e  
b r e a d b o a r d  e l e c t r o l y s i s  u n i t ,  e l e c t r o l y s i s  s t a c k s  made u s i n g  t h e  b e s t  
fabr ica t ion  procedure  def ined  in  Appendix  B were l i f e  t e s t e d  u n d e r  
var ious  operat ing  condi t ions.   Feed  composi t ions  which  might   be  encounter-  
e d  i n  a p r a c t i c a l  o p e r a t i n g  i n t e g r a t e d  s y s t e m  were u t i l i z e d .  The e f f e c t s  
of  the  tempera ture  and  cur ren t  dens i ty  on c e l l  l i f e  were a l s o  e v a l u a t e d .  
The e x p e r i m e n t a l  p l a n  f o r  t h e  s t u d y  i s  o u t l i n e d  i n  T a b l e  C - I .  
TABLE C - I  
Exper imenta l  P lan  for  Opera t ing  Var iab le  S tudy  
E l e c t r o l y s i s  C u r r e n t ,  W/cm 2 
DD 166 200 300 
OBS 1/25 
0.6  9oooc 
OBS 1/21 OBS 1/23 OBS #24  OBS //I9 OBS #26 OBS 1/27 
0.7 900°C  9 00%  9oooc  9oooc  9oooc l0OO0C 
OBS 1/20 OBS 1/22 
0.8 9 00%  9oooc 
N i n e  t h r e e - c e l l  s t a c k s  (OBS #19 through OBS # 2 7 )  were u t i l i z e d  
f o r  t h i s  s t u d y .  F a b r i c a t i o n  d a t a  f o r  t h e s e  s t a c k s  are l i s t e d  i n  T a b l e  C-11. 
N o t e  t h a t  OBS #19 had been tes ted for  99 days (See Appendix B)  be fo re  
b e i n g  u s e d  i n  t h e  o p e r a t i n g  v a r i a b l e  l i f e  test a n d  t h a t  OBS 1/20, con- 
s t r u c t e d  b e f o r e  t h e  c o m p l e t i o n  o f  t h e  f a b r i c a t i o n  v a r i a b l e  tests, had 
p l a t inum-pa l l ad ium-s i lve r  j o in t s .  
-96- 
I. . 
TABLE C - I 1  
I n i c i a l  P e r f o r m a n c e  of Ind iv idua l  Cells of S tacks  OBS 1/19 through OBS 1/27 
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C . l  No-tes  Regarding ~~. the   Opera t ing   Condi t ions  
In  the  c losed  loop  ope ra t ion  o f  t he  so l id  e l ec t ro ly t e  oxygen  
r e g e n e r a t i o n  s y s t e m ,  t h e  f e e d  t o  t h e  e l e c t r o l y s i s  u n i t  i s  formed by 
mixing  f resh  C02 and water wi th  the  r ecyc le  stream f rom the  ou t l e t  o f  
the  carbon  deposi t ion  reactor .   For   the  operat ing  breadboard  system, 
the  composition of t h i s   m i x t u r e  was approximately 50% CO 40% C O Y  and 
10% H p l u s  H20 ( see   F ig .  2). F o r   t h i s   s t u d y ,   t h e   f e e d   g a s   u t i l i z e d  
consis ted of  equal  amounts  of CO and C O Y  s a t u r a t e d  w i t h  water vapor  




The  degree  of  decomposition (DD) has been def ined as t h e  
volume f r a c t i o n  o f  C O  and H2 i n  t h e  g a s  stream l e a v i n g  t h e  e l e c t r o l y s i s  
-97- 
stack (cor rec ted  for  hydrogen  removed  and f o r  n i t r o g e n  c o n t a m i n a t i o n ) .  
For  example, i f  t h e  e x i t  c o m p o s i t i o n  is 55% C O Y  38% C02, 5% Hz, and 
2% H 0 and no hydrogen was removed, then the degree of decomposition 
i s  0.60.  Since  the  conversion  of CO i n  t h e  c a r b o n  d e p o s i t i o n  r e a c t o r  
i s  l i m i t e d  by equ i l ib r ium cons ide ra t ions ,  t he  gas  compos i t ion  l eav ing  
t h e  e l e c t r o l y s i s  u n i t  w i l l  d e t e r m i n e  t h e  r e c y c l e  ra te  a n d  t h e  s i z e  of 
t h e  c a r b o n  d e p o s i t i o n  r e a c t o r .  R e s u l t s  o b t a i n e d  w i t h  t h e  c o n t i n u o u s  
c a r b o n  d e p o s i t i o n  r e a c t o r  i n d i c a t e d  t h a t  t h e  CO c o n c e n t r a t i o n  i n  t h e  
feed must  be greater  than 35 mole percent ,  s ince no r eac t ion  occur red  
a t  lower  concent ra t ions .  
2 
- I n  a p r a c t i c a l  s e n s e ,  D D ' s  less than  0 .6  were cons idered  
imprac t i ca l ,  because  of excess ive  r ecyc le  r a t e  and  ca rbon  depos i t i on  
r eac to r   s i ze .   E l ikan   (Refe rence  2) r epor t ed  earlier t h a t  D D ' s  g r e a t e r  
than  0 .9  could  not   be  achieved  using CO f e e d  w i t h o u t  e l e c t r o l y t e  
r educ t ion  even  in  tests l a s t i n g  a few  hours.   Based  on  these  considera- 
t i o n s ,  w e  planned t o  t es t  s t a c k s  a t  D D ' s  between 0 .6  and 0.8.  To 
ach ieve  the  des i r ed  DD's a t  t h e  d e s i r e d  c u r r e n t  d e n s i t i e s  ( i n d i c a t e d  i n  
Tab le  C- I )  t he  f eed  r a t e  was a d j u s t e d .  
2 
C.2 E f f e c t  of Operat ing  Variables   on  Electrolysis   Stack  Performance 
The pre-test cha rac t e r i za t ion  and  b reak - in  p rocedure  fo r  each  
e l e c t r o l y s i s  s t a c k  was the  same d e s c r i b e d  i n  S e c t i o n  B .  2 . 1  of Appendix B .  
Data o b t a i n e d  d u r i n g  i n i t l a l  c e l l  c h a r a c t e r i z a t i o n  and t h e  l i f e  tests 
are summarized i n  T a b l e  C - I 1  and C - 1 1 1 .  The average  c e l l  d r i v i n g  v o l t a g e  
f o r  e a c h  s t a c k  vs time of  opera t ion  are p l o t t e d  i n  F i g s .  C 1 ,  c2 ,  and c3.  
C .  2 . 1  Cor re l a t ion  o f  Power Required with Severity of Operating 
Condi t ions  
The f i v e  e l e c t r o l y s i s  s t a c k s  o p e r a t e d  u n d e r  m o d e r a t e l y  s e v e r e  
cond i t ions  (OBS 819, 21 ,  23,  24,  and 25) operated  120  days  or   longer  
wi th   exce l len t   per formance .   Those   t es ted  a t  more severe cond i t ions  
(OBS #20, 22, 26,  and 27) dec l ined   r ap id ly   and   f a i l ed   w i th in  50 days 
L 
Cel l  V o l t a g e ,   v o l t s  
- 
TABLE C-111 
S.umma,ry. o f - B p e r a t i n g  V a r i a b l e  L i f e  T e s t s  
I n i t i a l  
30th Day 
6 0 t h  Day 
90 th  Day 
120 th  Day 
150th Day 
180th Day 
210 th  Day 
F i n a l  Day 
PowerIXan.   wat ts  
I n i t i a l  
6 0 t h  Day 
30 th  Day 
90 th  Day 
120th Day 
B a t t e r y  L i f e ,  d a y s  
OBS 
19  
1 .44  
1.56 
1.48 
1 .45  
1 .51  
1.58 
1.49 
1 . 6 2  
1 .53  
1 .50  
1 . 6 3  
1 .53  








































9 1  
61  
35 
- .  
73  
OBS 
2 1  
1 .49  
1 . 6 3  








1 . 7 1  
1 . 6 1  
Shunted 
1 . 9 1  
1 . 7 1  
1 . 8 5  
Shunted 
1 . 7 0  
Shunted 
2.28 
1 . 8 7  
2.42 
Shunted 
1 .98  



























1 . 4 3  
1 .40  
1 .50  
1.44 
1.42 
1 . 5 1  
1.46 
1.42 
1 .50  
1.44 














2 3  -
1.37 
1.39 
1 .45  
1.49 
1 .51  
1.58 
1 .70  
1.80 
1.72 
1 .67  
1 . 7 1  
1 . 8 6  
1 .75  
1 .73  
1 . 7 3  
1 . 9 1  
1.79 
1 . 8 2  
1 . 7 7  
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Fig.  C3 -- Performance  of OBS f20 ,  #26, and # 2 7  during life tests 
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o r  less. Comparison of t h e  power  requirement  per man (see Appendix  Sec- 
t i o n  B. 3) of e l e c t r o l y s i s  stacks on the 30th and 90th days are l i s t e d  i n  
Tab l e  C- I V .  
C.2.2 Cor re l a t ion  o f  Power Requirements  with T i m e  
F ive   ba t te r ies ,OBS  #19 ,   21 ,   23 ,   24 ,   and   25 ,   had   successfu l ly  
operated  over   120  days  with  high  performance.   The  operat ing  data  of 
t h e s e  f i ve  b a t t e r i e s  were c o r r e l a t e d  w i t h  time of   opera t ion .  S t a t i s t i -  
c a l  models were e s t a b l i s h e d  t o  c o r r e l a t e  t h e  d r i v i n g  v o l t a g e / c e l l  and 
power requirementlman as a func t ion   of  time. The c o r r e l a t i o n   c o e f f i c i e n t s  
of  both  equations were approximately 0.75.  F igure  C 4  shows bo th   t he  
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7 -  
TABLE C-IV 
a. 
Comparison of Power Requirements 
of Elec t ro lys i s  S tacks  on  30th  and  90th  Days 
. . ~ -  .  . "" "" 
30th Day 
. . . ~ . " "  . . . . " "  " .  ~" 
Current   De-ns i ty  , ma/cmL 
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where T = opera t ing  t empera tu re ,  "C 
P = power requirement, wattslman 
R = rate of clegradation, watts/man/day 
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L 
The f i r s t  e q u a t i o n  d e s c r i b e s  t h e  d r i v i n g  v o l t a g e  as a func t ion  
of t (day): V = 1.44  + 0.00203 t. The i n t e r c e p t  1 . 4 4  v o l t s l c e l l  r e p r e s e n t s  
t h e  i n i t i a l  v o l t a g e / c e l l .  The s lope   0 .00203  vo l t s /ce l l /day  i s  t h e  de- 
g rada t ion  rate p e r  ce l l .  The  power requi rement  per  man is  expressed as: 
P = 198 + .404 t. The a v e r a g e  i n i t i a l  e l e c t r o l y s i s  power is t h u s  
198 wat t lman and the degradat ion rate is  0.404 watts/man/day. 
C.2.3 C o r r e l a t i o n s  Between T i m e  t o   F a i l u r e  and I n i t i a l  Cell Prope- r t ies  . - - c . 
O t h e r  c o r r e l a t i o n s  were c a r r i e d  o u t  i n  an a t t e m p t  t o  d e f i n e  
improvements i n  f a b r i c a t i o n  t e c h n i q u e  which  might  ex tend  the  e lec t ro lys i s  
c e l l  l i f e .  F i g u r e  C 5  shows t h e  s t r o n g  c o r r e l a t i o n  b e t w e e n  i n i t i a l  j o i n t  
r e s i s t a n c e  and t h e  time b e f o r e   t h e  30( 
i n i t i a l  c e l l  f a i l u r e   o c c u r r e d .  The 
ce l l  l i f e  c a n  b e  e x p r e s s e d  as a n  
i n v e r s e  l i n e a r  f u n c t i o n  of j o i n t  
r e s i s t a n c e .  200 
A p l o t  o f  i n i t i a l  p o l a r i z a -  
427 
t i o n  vs  c e l l  l i f e  is shown i n  F i g .  C 6 .  d 
No c o r r e l a t i o n  was o b t a i n e d  f o r  
po lar iza t ions   be low  0 .20  vol t ;  how- 1w 
e v e r ,  a weak c o r r e l a t i o n  w a s  found 





Fa i lu re  f r equency  is  
p l o t t e d  as a f u n c t i o n  of p o s i t i o n  0 
i n  b a t t e r y  i n  F i g .  C7. The  proba- 
0. 0 0. 1 0. 2 0. 3 0.1 
Joint  Resis tance,  ohms 
b i l i t y  of f a i l u r e  of t h e   f i r s t   F i g .  C 5  -- I n i t i a l   J o i n t   R e s i s t a n c e  
c e l l ,  which operated on fresh 
f eed ,  was lower  than  tha t  of t h e  
second and third ce l l s .  
V s  T i m e  of t h e  I n i t i a l  
Cell  F a i l u r e  
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Fig.  
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Fig .  C7 -- Failure  Frequency 
V s  P o s i t i o n  i n  
Bat tery of  3 Cell  
Batteries 
C.3 Post- tes t   Examinat ion of E l e c t r o l y s i s  S t a c k s  
" Anodes-  The  anodes  ( inside  electrodes)  of  the cel ls  were found 
t o  b e  i n  good cond i t ion   ( s ee   Tab le  C-V). Loss  of   plat inum  through 
evapora t ion  of  the  anode  was n o t  n o t i c e a b l e  e v e n  a f t e r  295 days  of 
opera t ion .   Th i s  i s  in   sha rp   con t r a s t   w i th   t he   compos i t e   anodes   u sed  
p r e v i o u s l y ,  o n  w h i c h  b a r e  e l e c t r o l y t e  was obse rved  a f t e r  80-100 days 
(Reference 3 ,  pp. 4 0 - 4 4 ) .  The e l ec t rode   s t ruc tu re   r ema ined   po rous .  
S in t e r ing  o f  p l a t inum occur red  on ly  in  OBS 826 and OBS 1/27, bo th  of 
which were opera ted  a t  h i g h  c u r r e n t  d e n s i t y .  The s i n t e r i n g  e f f e c t  was 
more severe i n  OBS # 2 7 ,  probably because of i t s  h ighe r  ope ra t ing  
temperature .  
Cathodes-  Al though the  co lor  of  the  ca thodes  darkened ,  they  
remained  conductive  and porous. Adherence was good f o r  t h o s e  cells 
-105- 
TABLE C-V 
P o s t - T e s t   E x a m i n a t i o n  of E l e c t r o l y s i s  S t a c k s  
C a t h o d e  R e s i s t a n c e  B e f o r e  
L i f e  T e s t ,  ohms* 
OBS121  OBS122 I OBS123  105S1/24 
1-1- 
0 . 2   0 . 2  0 . 1  0 . 2  
::; I ::; I ::: I ::; 
L i f e   T e s t ,  ohms* 1 ::; 1 ::; ::; I ::: 1 pfl J o i n t  R e s i s t a n c e  B e f o r e  
C a t h o d e   R e s i s t a n c e   A f t e r  0.2 0 . 3  0 . 3  0 . 2  0 . 2  0 . 2  
F a i l u r e ,  ohms" 0 . 2  0 . 2  0 . 2  0 . 3  0 . 2  0 . 3  
0 . 2  0 . 2  0 . 2  0 . 2  0.2 0 . 3  
J o i n t   R e s i s t a n c e   A f t e r  0 . 1  0 . 2  N?l 0 . 2  0 . 2  0 . 2  
0 . 1   0 . 2  I 0 . 2  0 . 1  
C a t h o d e  
Appea rance  
Adherance  
P o r o s i t y  
Anode 
Appea rance  
Adherance  
P o r o s i t y  
E l e c t r o l y t e  A p p e a r a n c e  
C a t h o d e   i n t e r f a c e  
Anode i n t e r f a c e  
J o i n t  a r e a  
- 
U 1" ! 
R 
I I I I I I I 
C = c o l o r   c h a n g e d  G = good U = unchanged  P = p o o r  
S = s i n t e r i n g  of e l e c t r o d e  m a t e r i a l  NE1 = n o t  m e a s u r a b l e  
* A s  m e a s u r e d   w i t h   o h m e t e r ,  a r o u g h   m e a s u r e m e n t .  
opera ted  a t  modera te   opera t ing   condi t ions .  However, t h e   e l e c t r o d e   f i l m  
pee led  badly  and  b lack  depos i t s  were found benea th  the  ca thodes  in  those  
ce l l s  opera ted  a t  degrees of decomposition exceeding 0.79 and i n  t h o s e  
opera ted  a t  a c u r r e n t  d e n s i t y  of 300 m a / c m  . Mass spec t romet r i c   and  
x - ray  ana lys i s  i nd ica t ed  tha t  t hese  depos i t s  were p l a t i n u m  p a r t i c l e s  and 
t h a t  a t race   o f   carbon was presented .  The cause   o f   carbon  depos i t ion  
a t  t h e  c a t h o d e - e l e c t r o l y t e  i n t e r f a c e  w i l l  b e  d i s c u s s e d  i n  S e c t i o n  C . 4 . 2 . 2 .  
2 
E l e c t r o l y t e  -Ha l f  o f  t he  e l ec t ro lys i s  c e l l s  a f t e r  t h e  life test 
showed some degree  of reduct ion,  indj-cated by darkening of t h e  e l e c t r o l y t e .  
Th i s  occur red  e spec ia l ly  on  the  e l ec t ro ly t e  a t  t h e  o u t s i d e  s u r f a c e  of 
-106- 
t h e  ce l l  j o i n t  (see F ig .  C 8 ) .  The r e d u c t i o n  i n  some cases ex tended  in to  
t h e  t o p  p a r t  o f  t h e  ce l l  body. Due t o  t h e  c h a n g e  i n  material d e n s i t y  
c a u s e d  b y  t h e  r e d u c t i o n  o f  t h e  e l e c t r o l y t e ,  c r a c k s  o c c u r r e d  i n  OBS 820, 
OBS 1/26, and OBS 1/27. 
J o i n t s  -The o u t s i d e  ce l l  j o i n t s  i n  most cases a p p e a r e d  t o  b e  
i n  good cond i t ion .  No m i g r a t i o n  o f  g o l d  s e a l a n t  i n t o  t h e  o u t s i d e  e l e c t r o d e s  
w a s  observed.   This ,   too,  i s  i n   s h a r p   c o n t r a s t   w i t h   p r e v i o u s   o b s e r v a t i o n s  
(Reference 3 ,  pp.  59-62). 
D i s c o n t i n u i t i e s  w e r e  found by e lec t r ica l  measurements i n  
OBS 1/21, 1/23, and 9 2 6 .  Microscopic   examinat ion showed t h a t   p l a t i n u m  
had evaporated from the corner  between the inside electrode and the 
j o i n t .  No go ld   appea red   t o   be   p re sen t   i n   t he   a r ea .   The re fo re ,   t he   l o s s  
of P t  p r o b a b l y  r e s u l t e d  f r o m  t h e  i n i t i a l  c o a t i n g  a r o u n d  t h i s  c o r n e r  
having  been  too  th in .  
C.4 Regarding  Further  Improvement  of  Performance 
Based  on t h e  o b s e r v a t i o n s  i n  S e c t i o n  C . 3 ,  two causes  of  c e l l  
f a i l u r e  h a v e  b e e n  p o s t u l a t e d ,  o n e  i d e n t i f i e d  p r i m a r i l y  w i t h  o p e r a t i o n  
a t  modera t e  ope ra t ing  cond i t ions  ( cu r ren t  dens i ty  less than  300 ma/cm 
and degree of  decomposition less than  0.8) and  the  second wi th  opera t ion  
at. h igh   degrees   o f   decomposi t ion   and   h igh   cur ren t   dens i t ies .  A change 
i n  f a b r i c a t i o n  t e c h n i q u e  t o  i n c r e a s e  l i f e  a t  modera te  opera t ing  condi t ions  
is proposed.  High  degrees  of  decomposition are a l s o  b e l i e v e d  t o  b e  
achievable   wi thout   rap id   per formance   dec l ine .  The na ture   o f   the   modi f i -  
ca t ions  and  reasons  for  an t ic ipa t ing  per formance  improvement  are 
discussed below.  
2 
C.4 .1   Obta in ing- Increased  L i f e  a t  Moderate   Operat ing  Condi t ions 
"" 
A t  m o d e r a t e  o p e r a t i n g  c o n d i t i o n s ,  t h e  p r i n c i p a l  c a u s e  o f  f a i l u r e  
w a s  the  evapora t ion  of  p la t inum f rom the  corner  be tween the  ins ide  
e l ec t rode   and   j o in t   (See   F ig .   C9) .  This, i n   t u r n ,   c a u s e d   v o l t a g e   d i f f e r e n c e s  
-107- 
Reductr 
o f  
* r  Ion Plain View 
Longitudinal  Section 
Fig. C8 - Reduction o f  e l e c t r o l y t e  a t  the jo in t  a reas  of OBS #26. 
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between the Zr02 a t  t h e  o u t s i d e  of 
t h e  b e l l  ( e s s e n t i a l l y  a t  t h e  
ca thode  vo l t age ,  Vc) a n d  t h e  j o i n t  
(V>Va) t o  rise above  the  decompo- 
s i t i o n   v o l t a g e   f o r  Z r O  The 
r e d u c t i o n  o f  t h e  e l e c t r o l y t e  o n  
t h e  o u t s i d e  of t h e  j o i n t ,  d i s c u s s e d  
p rev ious ly ,  w a s  thus  a r e s u l t  of 
t h e  p a r t i a l  d i s c o n t i n u i t y  i n  t h e  
e l ec t rode  caused  by evapora t ion  of 
p l a t inum f rom the  in s ide  co rne r .  
Heav i ly  coa t ing  the  in s ide  co rne r  
w i t h  d e n s e  p l a t i n u m  ( a s  i l l u s t r a t e d  
i n  F i g .  C9) is s u g g e s t e d  t o  i n s u r e  
e l ec t r i ca l  c o n d u c t i v i t y .  
2 '  
The f a i l u r e  mode d iscussed  





Coat wi th  Dense Plat inum 
Recommendation-Heavily 
to  Insure  Electr ic 
Continuity 
Fig .  C9 -- Schematic Showing 
Evaporat ion of  
E lec t rode  Material a t  
Inside Connect ion of 
Bell  and Spigot Cel l  
and  Recommendation 
f o r  Improvement 
above d i f f e r s  s u b s t a n t i a l l y  f r o m  
tha t  obse rved  fo r  OBS #8 , il9,  and /I10 d u r i n g  t h e  p r e v i o u s  c o n t r a c t  
work. I n  OBS # 8 ,  #9,  and ill0 d e t e r i o r a t i o n  o c c u r r e d  a t  the   anode- jo in t  
i n t e r f a c e  b e c a u s e  a l a r g e  amount of gold remained at t h e  i n t e r f a c e  f r o m  
the  go ld  wire which was p l a c e d  t h e r e  d u r i n g  t h e  b r a z i n g  o p e r a t i o n .  
T h i s  g o l d  c a u s e d  s i n t e r i n g ,  i n c r e a s e d  l o c a l  t e m p e r a t u r e ,  a n d ,  b e c a u s e  of 
t he   ox id i z ing   a tmosphe re ,   t he   evapora t ion  of   P t02 .   In   the  new f a b r i c a -  
t i on  t echn ique ,  t he  go ld  wire is placed on the cathode which remains 
under  reducing  conditions  throughout  the tes t .  
C.4.2 Operating a t  ~ High Degrees of  Decomposition 
C. 4 .2 .1  Recommended Changes 
A t  h igh  cu r ren t  dens i t i e s  and  h igh  degrees  o f  decompos i t ion  
(DD), e l e c t r o l y t e   r e d u c t i o n  w a s  t h e   p r i n c i p l e   c a u s e   o f   f a i l u r e .  I t  is 
no t  ce r t a in  whe the r  ca rbon  depos i t i on  a t  t h e  c a t h o d e - e l e c t r o l y t e  i n t e r f a c e  
p r e c e d e d  t h e  e l e c t r o l y t e  r e d u c t i o n  i n  t h e  case of DD g r e a t e r  t h a n  0.8. 
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However, c a l c u l a t i o n s ,  shown be low,  ind ica t e  tha t  ca rbon  depos i t i on  w a s  
favored thermodynamically a t  t h e  i n t e r f a c e .  
Two approaches  to  opera t ion  a t  h igh  DD's are recommended: 
1- Use of e l e c t r o d e  materials, such as n i c k e l  and  cobalt ,   which  give 
lower  polar iza t ions  than  p la t inum (Reference  17) .  
2. Use Of low c u r r e n t  d e n s i t i e s  (75-125 m a / c m  ) f o r  t h o s e  cells  2 
which operate a t  h igh  DD. 
In  the  above  approaches ,  i t  i s  s u g g e s t e d  t h a t  t h e  c e l l s  a t  t h e  
e n d  o f  t h e  e l e c t r o l y s i s  u n i t ,  w h e r e  h i g h  DD's are obtained,  might  be 
d i f f e ren t  f rom those  a t  the  beg inn ing ,  e i the r  i n  ca thode  compos i t ion  o r  
ope ra t ing  cu r ren t  dens i ty .  
C.4.2.2  Thermodynamic F e a s i b i l i t y  of  Carbon  Deposition a t  the  Cathode- 
; 
The c r o s s  s e c t i o n  o f  a n  e l e c t r o l y s i s  c e l l  i s  i l l u s t r a t e d  by 
Fig .  C10. I n   o r d e r   t o   c a r r y   o u t   t h e   e l e c t r o l y s i s   p r o c e s s ,   t h e  CO must  
t r a v e l  from t h e   b u l k   g a s  t o   t h e  Bulk Gas: 
2 
- 
e l e c t r o d e - e l e c t r o l y t e   i n t e r f a c e   w h e r e  PCO=0.65atm 
it  is decomposed i n t o  0 and CO.  The pco,' 0 .35atm 2 
t r a n s p o r t  of CO from t h e   b u l k   g a s  
i n t o  t h e  e l e c t r o d e - e l e c t r o l y t e  i n t e r -  
f a c e  is  c a r r i e d  o u t  by d i f f u s i o n .  
P = 1.0 x 10-1 
02 2 Cathode 
The concen t r a t ion  a t  t h e  i n t e r f a c e  is 
dependent  upon the bulk concentra-  
Interface -' \ p' = 0,02atm 
CO2 
P;, = 1.12 X 1 0 - ~ ~ ~ t ~  
t i o n  of CO t h e   o v e r a l l  mass 
t r a n s f e r   c o f f i c i e n t   ( a   u n c t i o n  of D i f f e r e n c e   i Gas 
2 '  F ig .  C10 -- Schematic Showing 
f l o w  c h a r a c t e r i s t i c s  of t h e  b u l k  g a s  
Composition Between 
Bulk Gas and Cathode- 
and a l s o   t h e   p o r e   s t u c t u r e  of t h e   E l e c t r o l y t e   I n r f a c e  
cathode) ,  and the ra te  of  oxygen 
t r a n s f e r   r e q u i r e d   t o   s u p p o r t   t h e   c u r r e n t   d r a w n .   I f   t h e   e l e c t r o l y s i s  rate 
is h igher  than  the  mass t r a n s f e r  ra te ,  CO s t a r v a t i o n  w i l l  occur a t  t h e  
i n t e r f a c e  and r e s u l t  i n  c a r b o n  d e p o s i t i o n ,  e l e c t r o l y t e  r e d u c t i o n ,  o r  b o t h .  
2 
-110- 
Consider  the  two react ions which def ine the thermodynamic 
e q u i l i b r i u m  of CO, C02 ,  and 02, at 1200°K (923°C): 
rL 
co2 9 CO + 1 / 2  02, AG1 = 42,  510 cal  (c-1) 
(Reference 18) 
K 
co & C + 1/2  02, AG2 = 52, 150 cal  
where 
- AG .I 
112 
K =  
P l  P 
= exp (A) 
co2 
RT 
R = un ive r sa l  gas  cons t an t ,  1 .987  ca l / ( "K)  (g mole);  T = temperature ,  "K 
S u b s t i t u t i n g  AG1 and AG i n t o  (C-3) and (C-4) 
2 
K = 1.85 x 10 -8 K = 3.42 x 10 -10 P l  P2 
Dividing (C-3) by (C-4) 
2 
" - 54 .6  
pco2 
The t o t a l  p r e s s u r e  of the  sys tem is 1 atm; 
t h e r e f o r e  
Pdo + 'do, + P' O 2  = 1 
Since P' >> P '  , (C-6) can   be   s imp l i f i ed  
c02 O2 




L e t  X r e p r e s e n t  Pioy then  1 - X = P '  , and s u b s t i t u t i n g  i n t o  ((2-5) 
c02 
-=  1 - x  x2 54.6 
o r  
Ther e f  o r  e carb  
X + 54.6X - 54.6 = 0 2 
X = 0.98 atm 
on deposi t ion can occur  a t  t h e  i n t e r f a c  e i f  
Pdo - > 0.98 atm, and  P' < 0.02 atm. co - 2  pA22 for these 
p a r t i a l  p r e s s u r e s  of CO and CO can  be  computed  from c-4:  2 
' = (Pio K ) 2  = (0.98 x 3.42 x 10 ) = 1.12  x atm -10 2 
p 2  
The a v e r a g e  p a r t i a l  p r e s s u r e  of 0 i n  t h e  b u l k  gas,P , c an   be   ca l cu la t ed  
by (C-3) : 
2 
O2 
P K 2  
- 
- c02 P1) 
P = (  
O2 %o 
( C - 9 )  
Where - 
P = a v e r a g e   p a r t i a l   p r e s s u r e  of 
c02 
C 0 2  i n  t h e  b u l k  g a s  
- 
Pco = a v e r a g e  p a r t i a l  p r e s s u r e  of 
CO i n  t h e  b u l k  g a s  
If Pco = 0.65 atm and = 0.35 atm i n   t h e   b u l k   g a s  
- 
c02 
t h e  a v e r a g e  p a r t i a l  p r e s s u r e  of 0 2' 
- 
= (- 
0.65 0.35 X 1.85 x = 1 x atm 
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where V = c a t h o d i c   p o l a r i z a t i o n  
PC 
F = Faraday  cons tan t  = 23,000 c a l / v o l t  
t h e r e f o r e  
1.987 x 1200 1 x l o +  v =  
PC 4 X 23,000 1. 12 x 10-19 = . 175  vo l t  
The  a l lowab le  ca thod ic  po la r i za t ion  fo r  o the r  deg rees  of decomposition 
a r e  l i s ted  in  Tab le  C-VI. 
TABLE C-VI  
Al lowable Cathodic  Polar izat ion as  a 
Function of Degree of Decomposition 
~~ 
Allowable 
Degree of Decomposition v c, v o l t s  E T ,  v o l t s  
. . - . - . . - - - - ~~~~ ~- 
.65 
.135 0.990 .80 
.150 0.975 .75 
.165 0.960 .70 
.175 0.950 
- ... . . " -~ ~~ 
Thus, i t  is s e e n  t h a t  c a r b o n  d e p o s i t i o n  a t  t h e  e l e c t r o d e - e l e c t r o l y t e  
in t e r f ace   can   occu r  when t h e  sum of V + E 2 1.12   vo l t s .   Opera t ing  
a t  a degree of decomposition of 0.80, carbon decomposition can be antici-  




Evidence  for  carbon depos i t ion  p lay ing  a r o l e  i n  f a i l u r e  o f  
cells operated at high degrees  of  decomposi t ion is  shown i n  t h e  l i f e  test 
of OBS #20. T h i s  s t a c k  i n i t i a l l y  was t e s t e d  a t  a degree of decomposition 
of 0.35. On t he  10 th  day  the  deg ree  of decomposition was i n c r e a s e d  t o  
0.85 by   changing   the   composi t ion   o f   the   feed   gas .   Accord ingly ,   the  
vo l t age  inc reased  r ap id ly  f rom 1.3 v o l t s / c e l l  t o  1 . 9  v o l t s / c e l l  o v e r  a 
per iod  of  8 days. Al o f  t h e  i n c r e a s e  w a s  due t o  p o l a r i z a t i o n ,  r a t h e r  
t h a n  r e s i s t a n c e .  The cu r ren t  e f f i c i ency  d ropped  f rom 90%  on t h e  f i r s t  
day  to  about  50% on the  19 th  day .  Tests were conducted  to  de te rmine  the  
cause of r ap id  dec l ine  in  pe r fo rmance .  The s t a c k  was f i r s t  o p e r a t e d  i n  
pure C 0 2  and  reverse  pumped a t  v e r y  low c u r r e n t  d e n s i t y  (5 ma/cm ) f o r  
s ix  hour s  to  ox id i ze  the  r educed  e l ec t ro ly t e  and  any  f r ee  ca rbon  tha t  
may have  depos i ted .  The  s tack  w a s  t h e n  s w i t c h e d  b a c k  t o  e l e c t r o l y s i s  of 
2 
C02 containing  10% water a t  a cu r ren t  dens i ty  o f  200 m a / c m  . The d r i v i n g  
vol tages  remained  h igh  a t  1 . 9  v o l t s ;  h o w e v e r ,  t h e  c u r r e n t  e f f i c i e n c y  was 
back up t o  85%. C u r r e n t  i n t e r r u p t  p i c t u r e s  showed  a h igh  I R  d rop  fo r  
each ce l l ,  i n d i c a t i n g  t h a t  a d e f i n i t e  c h a n g e  i n  t h e  r e s i s t i v i t y  had taken 
place d u r i n g  t h e  r e v e r s e  pumping ope ra t ion .  
L 
One e x p l a n a t i o n  f o r  t h e  o b s e r v e d  r e s u l t s  i s  t h a t  c a r b o n  de- 
p o s i t e d  a t  t h e  i n t e r f a c e  d u r i n g  t h e  o r i g i n a l  h i g h  DD operat ion pushed 
t h e  e l e c t r o d e  away f r o m  t h e  e l e c t r o l y t e .  However, t h e  v o l t a g e  rise 
a p p e a r e d  a s  a n  i n c r e a s e  i n  p o l a r i z a t i o n  r a t h e r  t h a n  i n t e r f a c e  r e s i s t a n c e  
because  the  depos i t ed  ca rbon  p rov ided  an  e l ec t ron ica l ly  conduc t ive  pa th .  
The reverse c u r r e n t  pumping g a s i f i e d  t h e  c a r b o n ,  l e a v i n g  a space between 
the  ca thode  and  e lec t ro ly te ,  which  then  caused  the  observed  increase  in  
e l e c t r o n i c  r e s i s t a n c e .  
The above  does  not  provide  conclus ive  ev idence  tha t  carbon 
d e p o s i t i o n  i s  a p r e r e q u i s i t e  f o r  e l e c t r o l y t e  r e d u c t i o n  i n  t h i s  s y s t e m .  
I n  f a c t ,  a n a l y s i s  o f  t h e  f a i l u r e  o f  OBS 1/22 i n d i c a t e d  t h a t  e l e c t r o l y t e  
r educ t ion  occur red  wi thou t  an  inc rease  in  po la r i za t ion  ( and  thus  wi thou t  
carb .on   depos i t ion) .   The   essent ia l   conc lus ion  is  t h a t  i f  t h e  i n t e r f a c e  
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C02 p a r t i a l   p r e s s u r e  is maintained a t  a level s u f f i c i e n t l y   h i g h   t o   p r e -  
vent ca rbon  depos i t i on ,  e l ec t ro ly t e  r educ t ion  shou ld  be  e l imina ted .  The re -  
f o r e ,  an o p e r a t i n g  criteria of m a i n t a i n i n g  t h e  sum of  E p l u s  V below 
1.115 v o l t s  (at 923OC) is  recommended. 
T PC 
C.5  S e l e c t e d  ~- Operating  Conditions  for  Breadboard  System 
T h e  c o n d i t i o n s  c h o s e n  f o r  o p e r a t i n g  t h e  e l e c t r o l y s i s  unit 
of  the breadboard system were as fol lows:  
1. Cur ren t  dens i ty  2 200 mA/cm 2 
2. Degree  of  decomposition 2 70% 
3. Temperature % 900°C 
Selec t ion  of  a c u r r e n t  d e n s i t y  5 200 d / c m  was based on t h e  2 
s teady  per formance  and  long  l i fe  of  OBS 819, 621, 1\23, #24,  and  825. 
E l e c t r o l y s i s  stacks which operated a t  300 ma/cm2 (OBS f26  and #27) had 
shown r a p i d  d e c l i n e  i n  p e r f o r m a n c e  a n d  e a r l y  f a i l u r e .  DD - < 0.7 was 
s e l e c t e d  t o  k e e p  ET + V va lues  be low 1 .115  vol t s  so  tha t  ca rbon  decompo- 
s i t i o n  a t  the  ca thode  in t e r f ace  cou ld  be  p reven ted .  An operat ing tempera-  
tu re  of  approximate ly  900°C, t h e  lowest tempera ture  tes ted ,  w a s  chosen 
f o r  two r easons :   (1 )   p rev ious   l i f e  tests i n d i c a t e d  t h a t  l i f e  was i n c r e a s e d  
by  opera t ing  a t  low temperature and (2) i t  was though t  t ha t  ope ra t ion  a t  
t h i s  t e m p e r a t u r e  would permit the palladium membranes t o  b e  i n t e g r a t e d  
i n t o  t h e  e l e c t r o l y s i s  u n i t .  Based on test results c i t e d  i n  S e c t i o n  5.5, 
even lower temperatures may b e  d e s i r a b l e  i n  t h e  f u t u r e  t o  i m p r o v e  
palladium membrane l i f e .  
PC 
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APPENDIX  D 
EFFECT OF COMPOSITION,  FLOW  RATE, AND DEPOSIT  THICKNESS ON 
RATE AND PROPERTIES OF CARBON  DEPOSITION 
' A differential  reactor  was  built  and  used t o  study  the  in- 
fluence  of  gas  composition  and  flow  rate  on  the  rate  of  carbon  deposition. 
This  information  was  needed  to  aid  in  designing  a  reactor  of  appropriate 
size  for  the  1/4-man  bread-board  system. 
Lack  of  time  prevented  including  the  effect of temperature 
in the  study.  Data on temperature  dependence,  however,  had  been  ob- 
tained in the  100-day  test  of  the  previous  contract  (Reference 3,  
pp.  96-97). The  results  showed  that  the  maximum  conversion  of CO to
CO and carbon  occurs at about  540°C  for  the  average  flow  conditions 
of  the  test.  At  higher  temperatures  conversion  is  limited  by  equilibrium 
which  becomes  more  unfavorable as the  temperature  rises. 
2 
Using  the  results  of  the  100-day  test, a reaction  model  based 
on gas  phase  diffusion  control  was  developed.  A  theoretical  calcu- 
lation  of  the  total  resistance  to  diffusion,  including  the  resistance  of 
the  carbon  deposit,  indicated,  however,  that  diffusion  alone  could  not 
be  used  to  explain  the  experimental  rate  constants. A possibility  of 
surface  reaction  resistance  exists. 
A major  contribution  of  the  previous  work  was  the  discovery 
that 3 to 5% hydrogen is needed  in  the  feed  gas  to  maintain  constant 
catalyst  activity.  Without  hydrogen,  the  activity  of  the  catalyst  de- 
clines  steadily  with  time. 
D.l Apparatus 
A  schematic  diagram  of  the  differential  reactor  is  shown in 
Fig.  Dl.  The  catalyst was a  short  cylinder of high  purity  iron  that 
was  sandwiched  between  sections  of  non-carbon-producing  copper  tubing. 
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A central  thermocouple  well was provided €or  temperature  measurement. 
A movable  scraping  device  (not  shown  in  the  diagram) w s used  to  remove 
carbon  from  the  catalyst  surface so that  runs  could  be  continued  from 
day  to  day  without  opening  the  reactor. 
The  catalyst  cylinder  was  0.625  in. i  diameter  and 0.25 in. 
long.  Its  surface  area,when  new,was 0.49 in . Both  diameter  and  sur- 
face  area  decreased  slowly  as  iron  was  consumed  during  use. 
2 
Gas  mixtures  for  the  tests  were  prepared  by  metering  the 
individual  gases  and  mixing  before  feeding  to  the  reactor. 
D.2  Test  Procedure 
Each  experimental  run  consisted  of  a  series  of  measurements 
conducted  during  an  8-hour  period  following  overnight  operation  of  the 
reactor  at  a low flow  rate. A single  gas  composition was studied  in 
each  run  and  only  the  flow  rate  was  varied. 
Reproducible  results  could  be  obtained  only  after  a  dense, 
adherent  carbon  deposit  had  built  up on the  catalyst  to  a  thickness 
of  about 114 inch.  Forming  this  deposit  was  the  purpose  of  the  over- 
night  operation.  With  deposits  thfnner  than 1/4 inch, the  reaction 
rate  varied  with  thickness. 
Dense  deposits  were  difficult  to  grow  below 560°C. For this 
reason,  all of the  tests  were  conducted  at 560 to 57OoC. 
The  conversion  rate of CO was  determined  by  measuring  the 
volume  change  due  to  the  reaction,  using  calibrated  wet  test  meters in
the  gas  lines  before  and  after  the  reactor. To provide a dry feed, 
the  feed  gas was passed  through  a  Drierite  bottle  after  metering. 
The water  content  of  the  feed  could  be  varied  from  zero  to 3% by by- 
passing  part  of  the  gas  around  the  drying  bottle. The water  contents 
of the  inlet  and  outlet  streams  were  determined  gravimetrically,  using 
water  absorption  bulbs. 
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D.3 Results  of  Rate  Measurements 
The  results  of  the  rate  experiments  are  presented i  Fig. D2. 
The top  four curves,  which  were  run  with  a  dry  feed  gas,  show  the  effects 
of  flow  rate  and  CO  to  C02  ratio. The  lower  three  curves  show  the  in- 
fluence  of  water  in  the  feed  and  are  to  be  compared  with  the  fourth 
curve  which  represents  the  dry  feed  having  the  same  CO  to  CO  ratio. 
Fig. D2 shows  that  the  fractional  conversion  of  CO  decreases  with  in- 
creasing  CO  and H 0 concentrations  in  the  feed  and  with  increasing 
flow  rate.  Conversion  of  CO  was  particularly  sensitive  to  the  concen- 
tration of water, 3% water  being  sufficient  to  reduce  the  reaction  rate 
by  half. 
2 
2  2 
At  the  time  that  the  differential  reactor  study  was  planned, 
the  magnitude  of  the  water  efFect  was  not  realized  and  insufficient 
time  was  allowed  for  that  part  of the study.  Furthermore,  it  was  thought 
that  the  ratio  of CO to CO in the  reactor  feed  would  not  be  less  than 
1.5. In  the  180-day  test,  however,  the  ratio  ranged  between  1.2  and 1.3. 
For  these  reasons,  most  of  the  differential  reactor  tests  were  run  under 
conditions  that were  far  removed  from  the  conditions  actually  used  in 
the  bread-board. A number  of  theoretical  and  empirical  models  based  on 
the  differential  reactor  study  and  the  previous  100-day  test  were  formu- 
lated.  However,  none of these  models  were  considered  satisfactory,  since 
they  could  not  be  extrapolated  with  confidence  to  the  bread-board  oper- 
ating  conditions. 
2 
D.4 Catalytic  Behavior  of  Carbon  Deposit 
The  primary  benefit  obtained  from  the  differential  reactor 
study  was  the  discovery  that  the  carbon  deposit  itself  is  catalytic  and 
that  the  catalytic  capacity  of  the  carbon  can  be  utilized  by  leaving a 
thick  deposit  on  the  wall of the  reactor  at  all  times. This  procedure 
was  found  to  reduce  iron  consumption  in  the  differential  reactor  tests 
and  also in the  180-day  test. 
The  catalyst  activity of the  carbon  deposit  is  apparently  due 
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Fig .  D l  -- Schematic  Diagram  of  Fig. D 2  -- V a r i a t i o n  of CO 
D i f f e r e n t i a l  Carbon Conversion with Input  
Depos i t ion  Reac tor  Rate and Gas Composition 
o f  s u r f a c e  g r a i n s  o f  i r o n  t h a t  are d is lodged  f rom the  bulk  ca ta lys t  by  
c a r b o n   p r e c i p i t a t i o n   i n   t h e   g r a i n   b o u n d a r i e s .   F i g u r e  D3 shows i r o n  
f ragments  in  carbon produced  on a p u r e  i r o n  c a t a l y s t .  
Since carbon is p r o d u c e d  w i t h i n  t h e  d e p o s i t  i t s e l f ,  t h e  
r a t i o  of i r o n  t o  c a r b o n  i s  h ighes t  a t  t h e  c a t a l y s t  s u r f a c e  and decreases  
w i t h  d i s t a n c e  away f rom  the   su r f ace .   Th i s   e f f ec t ,   wh ich   accoun t s   fo r  
t he  r educ t ion  in  i ron  consumpt ion  on l eav ing  a t h i c k  d e p o s i t ,  is 
i l l u s t r a t e d  by r e s u l t s  o b t a i n e d  i n  t h e  d i f f e r e n t i a l  r e a c t o r  tests, which 
are p resen ted  i n  Table  D - I .  
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500X 
Fig.  D3 -- Section Through P u r e  I ron  Cata lys t  Af te r  Carbon Depos i t ion  
Showing I ron -Carbon  In t e r f ace  and  I ron  Pa r t i c l e s  i n  Carbon  
TABLE D - I  
Variat ion of  I ron Content  of  Carbon Deposi t  











i n  Gas 
CO only  
2 .1  
2 . 1  
1 .5  
3.0 
2.0 
I ron  Content .  % 
Distance from Catalyst  




4.42 2 .oo 
1.04  0.67 
4.34 2 .OB 
" 
Surface  









STUDY OF  PERFORMANCE AND LIFE OF A PALLADIUM MEMBRANE 
OPERATING AT 850°C 
E . l  Desc r ip t ion  of L i f e  T e s t  
A 71-day l i f e  test of a 2 .5  in .  long  pa l lad ium membrane w a s  
conducted a t  850°C prior   to   bui lding  the  breadboard  system.  The test 
was des igned  to  p rov ide  da t a  in  the  fo l lowing  areas: 
1. Membrane s t a b i l i t y .  
2 .  Consis tency  of   performance  during  cont inuous  operat ion.  
3.  Permeation ra te  cons t an t .  
4 .  Measurement  and c o n t r o l  of hydrogen  separat ion.  
A similar s tudy  w a s  ca r r i ed  ou t  unde r  the  p rev ious  con t r ac t  
(Reference 3, pp. 98-101) bu t  t he  du ra t ion  o f  t he  test w a s  on ly  20 days.  
The palladium membrane t e s t ed  p rev ious ly  s tood  up wel l  under the condi- 
t i o n s  of operat ion,  which included 2 days a t  950°C although most of the 
test w a s  run  a t  800°C.  Carbon d e p o s i t i o n  o n  t h e  membrane occurred a t  
700°C but  no t  a t  750°C o r  h ighe r .  The permeation rate c o n s t a n t  f o r  
800°C was 0.153  cc/(min) (cm) (m Hg) . 0.65 
The pal ladium membrane used in  the  present  exper iment  was 
0.125  in.   0.d.   by .005 in .  w a l l  by  2.5 in .  long. One end was c losed .  The 
open end w a s  go ld-n icke l  brazed  to  a l a r g e r  I n c o n e l  600 suppor t  tube  
tha t  connec ted  the  membrane t o  t h e  vacuum system.  The  Inconel  tube 
w a s  copper  p la ted  to  prevent  carbon depos i t ion .  The pal ladium membrane 
w a s  s u s p e n d e d  v e r t i c a l l y  i n  t h e  c e n t e r  of a c l ea r  qua r t z  r eac to r  wh ich  
was heated  by a 12-in.   long  &zone  furnace,  as shown i n  Fig .  E l -  A 
c o n t r o l  p a n e l  was set up for  meter ing  and  mixing  the  gases  for  the  
f eed .  The  vacuum system w a s  similar t o  t h a t  i l l u s t r a t e d  i n  F ig .  9 ,  
Sec.  4 .3 .2 ,except  that  a McCleod gauge w a s  u s e d  i n  p l a c e  of t h e  a b s o l u t e  
pressure gauge.  
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4 
The rate of hydrogen 
s e p a r a t i o n  by t h e  membrane w a s  
determined by m e t e r i n g  t h e  r e a c t o r  
i npu t  and  ou tpu t  w i th  ca l ib ra t ed  
w e t  test meters. S i n c e   t h e   g a s  
f e e d  c o n s i s t e d  of a mix tu re  of CO, 
C02, H2, and H 0, i t  was necessa ry  
t o  d e t e r m i n e  t h e  water concentra-  
t i o n  i n  t h e  i n p u t  a n d  o u t p u t  s t r e a m s  
f o r  e a c h  d a t a  p o i n t  s o  t h a t  
cor rec t ion  could  be  made f o r  
hydrogen that  was generated o r  
consumed  by t h e  water g a s  s h i f t  
r e a c t i o n :  
2 
CO + H20 2 C02 + H2 
- F ~ m a c c  
,125" @. D. x .a)5" Wa! 
Palladium lube 
-\: 4 t k a l f d  zones 
leach 3" long) 
k- Gas In 
Fig .  E l  -- Schematic  Diagram of 
Hydrogen Separation 
Apparatus 
T h i s  r e a c t i o n  is  c a t a l y z e d  by the  pa l lad ium membrane. 
The l i f e  test was s t a r t e d  on J u l y  3,  1969  and was terminated 
on September 12, 1969.  The  palladium membrane was cont inuously  evac-  
uated and during most of t h e  test the  feed  gas  cons is ted  of  64% CO, 
322 C02, and 4% H2. Up t o  3% H 0 was in t roduced  when measurements  of 
t he  pe rmea t ion  r a t e  were made. Rate measurements were made p e r i o d i c a l l y  
to  de t e rmine  whe the r  t he  rate constant  changed with t i m e .  
2 
The c o n t r o l  s t u d y  t h a t  was conducted consis ted of c o r r e l a t i n g  
t h e  two  vacuum g a u g e  r e a d i n g s  w i t h  t h e  r a t e  of hydrogen removal. 
E.  2 R e s u l t s  
The r e s u l t s  of t h e  test are summarized a s  f o l l o w s :  
1. During  the 71-day test pe r iod   t he re  was no s ign i f i can t   change  
in  the  pe r fo rmance  of the  pa l lad ium membrane o r  i n  i t s  physi-  
cal  appearance.  
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2. 
3 .  
where 
Measurements  of  the pressure in  the vacuum l ine between the 
c o n t r o l  v a l v e  and the vacuum pump showed that t h i s  p r e s s u r e  
varies w i t h  t h e  rate of  hydrogen  d ischarge  in  a reproducib le  
manner; t h e r e f o r e ,  a vacuun.gauge can be  used  to  measure  the 
hydrogen  removal rate. In the  range  of  hydrogen  f low rates 
covered (7 t o  30 cc /min )  the  r e l a t ionsh ip  be tween  p res su re  
and flow rate was linear. Th i s  is  t rue ,  o f  cour se ,  on ly  when 
t h e  pumping speed i s  cons tan t .  
The permeation rate of hydrogen w a s  found t o  v a r y  w i t h  t h e  
0.65 power of hydrogen p a r t i a l  p r e s s u r e  i n  a c c o r d a n c e  with 
t h e  f o l l o w i n g  r e l a t i o n  
0.65  0.65) 
Q = kll (P, - p2 
Q = permeation rate,  cc/min 
9, = l eng th  of pal ladium membrane, cm 
p1 = average p a r t i a l  p r e s s u r e  of hydrogen i n  g a s ,  mm Hg 
p2 = vacuum s i d e  p r e s s u r e ,  mm Hg 
k = rate c o n s t a n t ,  CC/  ( m i d  (cm) (m Hg) 
0.65 
The va lue  of t h e  rate cons tan t   for .850"C w a s  0.166. It w a s  una f fec t ed  by 
flow rate  f o r  rates between  250  and 650 cc/min or  by t h e  r a t i o  of CO t o  
CO i n  t h e  g a s  f o r  r a t i o s  o f  1.0 and  2.0. The exper imenta l   va lues   o f  k 
are p l o t t e d  v e r s u s  t h e  a v e r a g e  p a r t i a l  p r e s s u r e  o f  h y d r o g e n  i n  F i g .  E2.  
2 
The dependence of the per- 
meation ra te  on the 0.65 power of 
t h e  h y d r o g e n  p a r t i a l  p r e s s u r e  r a t h e r  
than   on   the   0 .5  power probably means k 
that s u r f a c e  p r o c e s s e s ,  as w e l l  as 
d i f f u s i o n  i n  t h e  metal l a t t i ce ,  are 
i n v o l v e d  i n  t h e  ra te  c o n t r o l l i n g  
mechanism. A 0.5  power r e l a t i o n s h i p  
i m p l i e s  t h a t  d i f f u s i o n  is t h e  o n l y  
COICO, 
p1= Avg P in Gas. mrn Hg 
I = Lenglh 01 Pa mrnbrana. t m  
pZ= Vacuum Slde Pressure. mrn Hg 
k = R a t e  Conrlanl 
"2 
1 
resistance t o  t r a n s f e r  ( R e f e r e n c e  19). Fig.  E2 -- Hydrogen Permeation Rate 
Constant Versus Hydrogen 
L 
Part ia l  P r e s s u r e  i n  t h e  Gas 
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APPENDIX F 
PRELIMINARY TESTING OF BREADBOARD SYSTEM 
F . l   S i n g l e  Component Tests 
N e i t h e r  t h e  e l e c t r o l y s i s  u n i t  n o r  t h e  c a r b o n  d e p o s i t i o n  r e a c t o r  
performs up t o  i t s  d e s i g n  p o t e n t i a l  when f i r s t  used and each requires  a 
break-in  per iod of o p e r a t i o n .  S i n g l e  component runs  were conducted   for  
th i s   purpose   fo l lowing   assembly  of t h e   b r e a d b o a r d   s y s t e m .   I n i t i a l  
c h a r a c t e r i z a t i o n  tests of t h e  e l e c t r o l y s i s  s t a c k s  were a l s o  c a r r i e d  o u t .  
The e l e c t r o l y s i s  s t a c k s  were b r o k e n  i n  b y  e l e c t r o l y z i n g  a gas  
mixture  composed of 89% C 0 2 ,  10% C O S  and 1% us ing  a c u r r e n t   d e n s i t y  
of 50 ma/cm . A reducing mixture  was used  to  prevent  ox ida t ion  of  the  
copper   l in ing   of   the   gas   feed   tube .  The f l o w  r a t e  was 900  cc/min,  and 
2 
the   ope ra t ing   t empera tu re  was 900-915°C. A f t e r  t h r e e  d a y s  a t  t h e s e  
c o n d i t i o n s ,  t h e  s t a c k s  were cha rac t e r i zed  th rough  V - I  curves  and  cur ren t  
interrupt  measurements .  
F i f t e e n  s t a c k s  were found t o  b e  f u l l y  o p e r a b l e .  The i n i t i a l  
p e r f o r m a n c e  c h a r a c t e r i s t i c s  of each i s  given i n  Table  F-I. Of t h e  
s t a c k s  n o t  f u l l y  o p e r a b l e ,  t h r e e  were not  comple te ly  insu la ted  f rom the  
housing; one had been broken during assembly of t h e  u n i t ;  and one had a 
measurable  gas leak. A l l  bu t  t he  b roken  s t ack  cou ld  be  ope ra t ed  i f  
needed,  however. 
The ca rbon  depos i t i on  r eac to r  was run as a s i n g l e  component 
f o r  two w e e k s  a t  an  opera t ing  tempera ture  of  540-550°C. During  most of 
t h e  p e r i o d  a low gas  f eed  rate w a s  used  to  conserve  ca ta lys t .  Approxi -  
mately two hours each day were devo ted ,  however ,  t o  t e s t ing  a t  h igh  
gas  feed  rates. The performance of the reactor  improved with use and 
t h e  c a t a l y s t  w a s  j u d g e d  t o  b e  f u l l y  a c t i v a t e d  a t  t h e  e n d  of t h e  two-week 
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INITIAL PERFORMANCE OF ELECTROLYSIS STACKS 
I N  BREADBOARD SYSTEM 
Feed Gas 89% C 0 2 ,  10% CO, 1% Hz; 900 cc/min 





























































































Jo l tage  inc luding  l e a d  r e s i s t a n c e  
b .  ET = thermodynamic  decomposition  voltage 
c. R = c e l l   r e s i s t a n c e   e x c l u d i n g   l e a d   r e s i s t a n c e  
d.  V = ce l l  p o l a r i z a t i o n  
e. E = c u r r e n t   e f f i c i e n c y  
P 
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F.2 Open Loop Tests 
I n t e g r a t e d  o p e r a t i o n  of the  sys t em in  open  loop  mode began on 
June 6 ,  1970 and was c o n t i n u e d  f o r  t h r e e  weeks. The p r imary  ob jec t ives  
were (1 )   t o  test the  hydrogen  removal  system  and (2)  t o  select t h e  re- 
cyc le  f low rate b e s t  s u i t e d  f o r  c l o s e d - l o o p  o p e r a t i o n .  The criteria f o r  
t h e  f l o w  rate s e l e c t i o n  were: 
1. The rate of ca rbon  depos i t i on  shou ld  ma tch  the  r a t e  of CO 
2 
decomposition i n  t h e  e l e c t r o l y s i s  u n i t .  
2. A degree of  decomposition (DD) less than  0.60. 
3. The  gas  f low  should  provide good c i r c u l a t i o n  i n  t h e  e l e c t r o l y s i s  
chamber t o  p r e v e n t  a rise i n  p o l a r i z a t i o n .  
Short  tests of 4 t o  8 h o u r s  d u r a t i o n  were r u n  a t  f e e d  g a s  r a t e s  
of 900, 1200, 1500, and 1800 cc/min  and a t  DD's ranging from 0.54 t o  0.60. 
The  oxygen g e n e r a t i o n  r a t e  was approximately 1/4-man (125  cc/min).  The 
hydrogen separation system worked w e l l  a l though i t  was du r ing  these  tests 
t h a t  t h e  i n i t i a l  f a i l u r e s  of pal ladium membranes occurred .   In   each  t e s t ,  
t h e  r a t e  of carbon monoxide conversion was determined by measuring the 
change i n  g a s  volume  due t o  t h e  c a r b o n  d e p o s i t i o n  r e a c t i o n .  The r e s u l t s  
of the  experiments  are p resen ted  in '  Tab le  F - I1  a s  Tests 1-5. 
A perfec t  match  be tween the  ra tes  of CO decomposition and CO 2 
conversion was no t  ach ieved  in  any  tes t .  I n  a l l  e x c e p t  Test 4,  however, 
only minor adjustments of the  degree  of decomposition would have been 
needed t o  b r i n g  t h e  two r e a c t i o n s  i n t o  b a l a n c e .  
Condi t ions approximating those of Test 1 were s e l e c t e d  f o r  
fu r the r  s tudy ,  p r imar i ly  because  the  f low rate was the  lowes t  a t  which 
t h e  e l e c t r o l y s i s  u n i t  d i d  n o t  show h i g h  p o l a r i z a t i o n .  The system was 
operated  cont inuously  for   one week. After minor  adjustment  of  the 
feed  composi t ion ,  per formance  s tab i l ized  a t  t h e  c o n d i t i o n s  l i s t e d  u n d e r  
Test 6 i n  Table  F-11. The r e s u l t s  met a l l  of t h e  preset requirements  and 
i t  was conc luded  tha t  t hese  cond i t ions  would be s u i t a b l e  f o r  c l o s e d  
loop  ope ra t ion .  
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TABLE F-I1 
SUMNAXY OF OPEN-LOnP TESTS 
T e s t  Number 




T o t a l  
co2 
H Removed, c c l m i n  





T o t a l  
CDRa D i s c h a r g e ,   c c / m i n   ( d r y )  
0 produced ,   cc lmin  
cO2 c o n v e r t e d  
Hz0 c o n v e r t e d  
CO c o n v e r t e d  
B a t t e r y  D D ,  % 
S t a c k s  U s e d  
D r i v i n g  V o l t a g e / S t a c k ,  v o l t s  
C u r r e n t  E f f i c i e n c y  
C u r r e n t  D e n s i t y ,  malcm 













































































































































a CDR = c a r b o n  d e p o s i t i o n  r e a c t o r  
All o p e r a b l e   s t a c k s   u s e d   p a r t   o f  time 
The p o l a r i z a t i o n s  shown i n  T a b l e  F-I average 0.30 v o l t  a t  a 
c u r r e n t  d e n s i t y  of 166 m a / c m  . This  i s  s i g n i f i c a n t l y  h i g h e r  t h a n  a n t i c i -  
pa ted  on t h e  b a s i s  of  previous tests (see   Table  B - I ) .  The major  cause 
o f  t h e  i n c r e a s e  i n  p o l a r i z a t i o n  i s  bel ieved to  have been an uneven f low 
d i s t r i b u t i o n  w i t h i n  e a c h  of the  e lectrolyzer   compartments .   Computat ions 
which estimate t h e  g a s  v e l o c i t y  n e a r  t h e  e l e c t r o l y s i s  s t a c k s  i n  c o m p a r i s o n  
w i t h  t h a t  i n  t h e  open cen te r  s ec t ion  o f  each  compartment are shown below. 
2 
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F.3  Estimation  of  Average  Gas  Velocity  and  Reynolds  Number  in  the 
Vicinity  of  the  Electrolysis  Stacks 
The  average  velocity  of  laminar  gas flow through  a  circular 
duct is given  by  Poiseuille‘s equation.: 
where AP 
AZ (-) = pressure  gradient  along  the  tube 
gC = gravitational  constant 
1-1 = viscosity of the  gas,  poise 
D = hydraulic  diameter of the  duct,  cm 
V = average  velocity of the gas,  cm/sec 
- 
When (-) is constant, AP AZ 
L 
Friction less Wa I I 
A cross  section of one 
compartment of the  electrolysis  unTt 
is  illustrated in  Fig.  F-1.  Assume 
a  frictionless  wall  dividing  the 
gas  flow  into  two  channels, X and 
Y regions as indicated.  The  cross 
section  areas, Ax and A and  the 
wetted  surface  perimeters, Sx and S 
Y’ 
can be calculated  from  the  compart- 
ment  geometry: 
Y’ 
A = 10 cm 
A = 14.54 cm 
S = 5.5 cm 
S = 36.8 cm 
2 
X Fig. F1 - Cross  section of elec- 
2 trolysis  unit  compart- 




The equiva len t  hydraul ic  d iameter  = 4 x c r o s s  s e c t i o n  a r e a  wet ted  per imeter  : (F-3) 
DX = 7.28 cm 
D = 1.69 cm 
Y 
S u b s t i t u t i n g  DX and D i n t o  e q u a t i o n  (F-2) w e  have 
Y 
Theref   ore  
Vx = 18.5 
- 
Y (F-4) 
S ince  the  sum of  the f lows through the X and Y channels must 
be  equal  to  the  to ta l :  f low,  then  
Ax Vx + 7 = Tota l   f ow rate - 
Y Y  (F-5) 
A t  900°C the  gas  f low rate i n  t h e  e l e c t r o l y s i s  u n i t  = 1 1 7  cc/sec. 
S u b s t i t u t i n g   t h e   v a l u e s  of A A a n d   t h e   t o t a l   f l o w   r a t e   i n t o  (F-5) and 
so lv ing  (F-4)  and  (F-5) simultaneously,we  have 
V = 0.585  cm/sec 
Vx = 10.83 cm/sec 
x) y y  
Y 
The v i s c o s i t i e s  and d e n s i t i e s  of t h e  component g a s e s  a t  9 0 0 " ~  
a r e  : 
Viscos i ty  (p) , Densi ty  (P 1, 
- Gas Mole f r a c t i o n  p o i s e  g/  cm 
co 0.50 4.56 x 2.79 x 
0.45 4.45 x 4.41 x 





= ( 0 . 5  X 2.79 + 0.45 X 4.41  + 0.05 X 0.2) X 10 -4 'mix 
= 3.39 x 10-4  gm/cm 
= (0.5 x 4.56 + 0.45 x 4.45 + 0.05  x 2.22) x 




The  Reynolds  number, R e ,  is c a l c u l a t e d  b y  
R e  = 
P 
Rex - 7.28 x 10.83 x 3.4  x l€r4 = 7 3 . 6  
4 . 4 9  x 
4.49 x 
0.585 x 1.69 x 3 . 4  x R e  = 
Y 
= 0 .78  
The r e s u l t s  of t h e  above  ca lcu la t ions  show t h a t  t h e  v e l o c i t y  
through  the  X-region was 19 times higher   than  through  the  Y-region 
which was a d j a c e n t  t o  t h e  e l e c t r o l y s i s  s t a c k s .  The  low  Reynolds  number 
i n  t h e  Y r e g i o n  i n d i c a t e d  t h a t  h i g h  g a s  f i l m  d i f f u s i o n  r e s i s t a n c e  m i g h t  
have  caused  the  h igh  po la r i za t ion  o f  t he  e l ec t ro lys i s  s t acks .  
F.4 Calcu la t ion   o f   Theore t i ca l   Cur ren t   E f f i c i ency   o f  
Bell and Spigot Cel l  
The s h u n t  r e s i s t a n c e  of t h e  b e l l  a n d  s p i g o t  c e l l  can  be  ca lcu-  
l a t e d  as t h e  e q u i v a l e n t  r e s i s t a n c e  f o r  two p a r a l l e l  p a t h s  ( s e e  F i g .  F2):  
R =  Rso Rsi 
Rso + Rsi 
where 
Rs = c e l l  s h u n t   r e s i s t a n c e  
R S O  
= o u t s i d e  s h u n t  r e s i s t a n c e  
Rsi = i n s i d e  s h u n t  resistance 
-130- 
Rso and R can be computed from the c e l l  
dimensions. 
i 
Rso = 28.05 ohms 
Rsi = 62.30 ohms 
Then 
The r a t i o  of shun t  cu r ren t  t o  c e l l  c u r r e n t  




VT = 1 . 5 0  v o l t s  ( t o t a l  c e l l  F ig .  F2 - Shunt  paths  of b e l l  
d r iv ing   vo l t age )   and   sp igo t e l ec t ro -  
l y s i s  c e l l s  
ET = 0.85 vol ts  (decomposi t ion 
v o l t a g e )  
R = 19.33 ohms 
S 
Rcell  = 0.29 ohms 
Then 
" 'shunt - 1.50/19.33 
' c e l l  
- =" 
(1.50 - 0.85)/0.29  2.24 
0.078 - 0.04 
Thus, t h e  t h e o r e t i c a l  c u r r e n t  e f f i c i e n c y  = 1 + 0.04 x loo E 96.1% 
F.5  Estimation " of Loss of Cur ren t   E f f i c i ency  Due t o  Ground Shunt 
The e l e c t r i c a l  c i r c u i t s  of t h e  e l e c t r o l y s i s  s t a c k s  were con- 
n e c t e d  i n  p a r a l l e l  e x t e r n a l l y ,  e x c e p t  f o r  t h e  s t a c k  p a i r s  11 and  12, and 
14  and 15, which were c o n n e c t e d  i n t e r n a l l y  i n  series. D u r i n g  t h e  l i f e  
test, s t a c k  1 2  was found to  be  shunted  wi th  respec t  to  ground.  
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I 
. - . . . . . . . . 
The electrical c i r c u i t  of t h e  o p e r a t i n g  s t a c k s  is i l l u s t r a t e d  i n  F i g .  F3. 
The g round  shun t  r e s i s t ance  is given by 
1 1 1 
RGS R1l* RllL 
- ="- 
where Rll* is t h e  e q u i v a l e n t  r e s i s t a n c e  of s t a c k  11 and the  shun t  was 
ca lcu la ted  by  
" lZm7 8.5 ohms 
1, 'I 1.5 
- - =  
where 
(F- 10) 
iT = 5 . 1  Amps 
VTO = t o t a l  d r i v i n g  v o l t a g e  of 
t h e  s t a c k  
ET0 = decomposi t ion vol tage of 
t h e  s t a c k  
Rll = sum o f  t h e  r e s i s t a n c e s  of 
t h e  i n d i v i d u a l  cel ls  and 
e l e c t r i c a l  l e a d s  
Assume I c a r r i e d  by s t a c k  11 is t h e  







0 iG = 0.65 Amp 
I IffGs = 20 Ohms ill = 0.85 Amp 
P o w  Supply 
v a p  5 h i t  
1 Ground 
i = Total Electrolysis Current 
I =Electrolysis Current Carried bj 11th Stack 
T 
11 
i' = Apparent Current of l l t h  Stack Measured by 
R' =Equivalent Resistance for l l t h  Stack 
l1 Clip-On Ammeter 
11 
R =Ground  Shunt Resistance 
iCs =Ground Shunt Current 
C S  
I$ = ave rage   pe rcen tage  of t o t a l  0 = Number of Electrolysis Stack 
c u r r e n t  c a r r i e d  by s t a c k s  1 
through 5 ( see   Table  V I I ,  ground  shunt i n   e l e c -  
F ig .  F3 - Apparent  loca t ion  of 
Sec t ion  5 .3 .1)  
IT = t o t a l  c u r r e n t  of e l e c t r o l y s i s  u n i t .  
t r i c a l  c i r c u i t  of t h e  
o p e r a t i n g  s t a c k s  
.... . 
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S u b s t i t u t i n g  (F-11) i n t o  (F-lo), w e  have 
0 vT' 
IT+ 
Rll = - 
For VT' = 12 .7   vo l t s  (on the  70th  day)  
IT = 5 .7  amps 
4 = 0.147 
Rllc = = 15 .1  ohms 5.7 x 0.147 
S u b s t i t u t i n z  Rllc and R*ll i n t o  (F-9) 
1 1 - =" 
8.5 15.1 - 0.118 - 0.066 = 0.05 RGS 
Therefore  RGs = 20 ohms 




G. 1 Star tup  Procedure  
It i s  assumed t h a t  t h e  e l e c t r o l y s i s  u n i t  and the carbon depo- 
s i t i on  r eac to r  have  been  b roken- in  by opera t ing  each  as a s i n g l e  component 
as descr ibed in  Appendix F. 








S t a r t  w i t h  a l l  va lves  c losed .  
Open va lve  1 (see  Fig.  GI) t o  CO cy l inde r   and   ad jus t   p re s su re  
r e g u l a t o r  b e f o r e  v a l v e  4 t o  2 .0  p s i g .  
Pu rge  p res su re  f a i l - s a fe  appa ra tus  by  pa r t i a l ly  open ing  va lve  2,  
a l lowing  gas  to  bubble  through water columns  of t h e  two f a i l -  
s a f e  b u l b s .  
Open fo l lowing   va lves :  3,  7 ,  8, 9 , 10,  11, 12 , 13A, 1 3 B ,  15A, 
1 5 B ,  16A, 16B, 1 7 ,  18, 19 ,  and R. 
Open va lve  T and  ad jus t  va lve  2 t o  g ive  s low stream of CO 
through  valve T,  as i n d i c a t e d  by b u b b l e   b o t t l e .   ( T h i s  stream 
provides  CO t o  s y s t e m  i f  s y s t e m  p r e s s u r e  g o e s  n e g a t i v e  b y  more 
than  2 i n .  of water. 
Open so leno id  va lve  20 (wi th  Lab-Sta t  cont ro l le r )  and  va lve  5 
and purge bypass  l ine around valve 4.  
Close valve 20 and valve 5 and open va lve  4 t o  p u r g e  main p a r t  
of   system,  discharging  gas   through  valve R. Cont ro l  C 0 2  flow 
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8. Opera te  both  recyc le  pumps t o  e l i m i n a t e  a i r  f rom recyc le  l i ne .  
Valves 15A and 1 5 B  i n  b y p a s s e s  a r o u n d  r e c y c l e  pumps must be 
p a r t i a l l y  c l o s e d  t o  f o r c e  g a s  t h r o u g h  r e c y c l e  l o o p .  
9. Purge   sys tem  for  1 hour.  Then t u r n   o f f   r e c y c l e  pumps; close 
v a l v e s  4, R, 9,  and 10; and  open  solenoid valve 21. 
G.1.2 Heat Components to  Operating  Temperature 
1. Heat ca rbon   depos i t i on   r eac to r   t o   ope ra t ing   t empera tu re  (540 
t o  560°C). P r e s s u r e   f a i l - s a f e   a p p a r a t u s  w i l l  a u t o m a t i c a l l y  
main ta in  sys tem pressure  a t  s a f e  l e v e l .  
2. S t a r t  o n e  r e c y c l e  pump and c i r c u l a t e  g a s  t h r o u g h  e l e c t r o l y s i s  
u n i t  a t  200-300 cc/min.   Close  valves  13 and  16 of backup 
r e c y c l e  pump. (Gas f rom  carbon  depos i t ion   reac tor   conta ins  
CO which w i l l  p r e v e n t  o x i d a t i o n  of coppe r  c l add ing  in  e l ec t ro -  
l y s i s   u n i t .  ) 
3.  Open a l l  oxygen  man i fo ld  va lves  to  e l ec t ro lys i s  s t acks .  
4. Heat e l e c t r o l y s i s   u n i t   t o   o p e r a t i n g   t e m p e r a t u r e  (900-915°C) 
a t  rate of 5 t o  10°C per min. 





5 .  
Open valves 9 and  10  and  c lose  so lenoid  valve 21 so t h a t  C02 
f eed  w i l l  pass  through water s a t u r a t o r .  
Open valve 23 and s i x  vacuum mani fo ld  va lves  24 and start 
vacuum pump. 
Inc rease  r ecyc le  f low rate t o  1750-1800 cc/min with valve 18. 
Slowly open hydrogen control valve .22 t o  pump down vacuum 
manifold and palladium membranes  and set v a l v e  22 a t  7 t u r n s  
open. 
Select e i g h t  s t a c k s  t o  b e  o p e r a t e d  a n d  c o n n e c t  t o  power 
supply.  Close  oxygen  manifold valves of t h e  o t h e r  twelve 
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6 .  
7. 
8. 
9 .  
10. 
stacks.  (After  operation of the  system  has  become  stable, 
the  number  of  operating  stacks  can  be  reduced  to  six.) 
Start  electrolysis  current.  Adjust  to  1/4-man rate,  which 
is  about  5.6  amps. 
Immediately  increase  CO  feed  rate  with  valve 4 and  adjust so 
that  system  pressure  remains  constant  at  about 4 in.  of water, 
as read on “After  Electrolyzer  Pressure  Gauge”. 
Set  water  saturator  thermostat  to  75OC. 
Adjust  vacuum  manifold  pressure  to 10 mm Hg, using  control 
valve  22. 
When  system  has  stablizied,  the  C02  feed  rate  should  be 98 
to 100 cc/min. 
2 
G.1.4  Start C 0 2  Feed  Controller 
1. Set  sensor of Lab-Stat  controller  at 4 in. of water  and  switch 
on controller. 
2.  Lower  CO  feed  rate  with  valve 4 to 80 cc/min. 
3.  Immediately  open  needle  valve 5 to give  total  feed  rate  of 
2 
120 cc/min. 
4 .  Readjust  sensor, if necessary, to  control  at 4 in.  of  water 
pressure. 
6.1.5  Hydrogen  Separation 
Hydrogen  control  valve  22 is used  to  control  hydrogen  concen- 
tration  in  recycle  stream.  The  concentration  of  hydrogen  is  not  criti- 
cal  but  the  optimum  range  is 4 to 5%. Analyze  recycle  stream  for 
hydrogen  and  adjust  control  valve  accordingly. To lower  the  hydrogen 
concentration,  reduce  manifold  pressure  by  opening  valve  22. To increase 
hydrogen  concentration,  partially  close  valve  22. 
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G.2 Shutdown Procedure 
1. T u r n   o f f   e l e c t r o l y s i s   c u r r e n t .  
2.  Turn  off  Lab-Stat CO f e e d   c o n t r o l l e r  
3 .  Close C 0 2  f e e d   c o n t r o l  valve 4 .  
4 .  Open s o l e n o i d  v a l v e  2 1  and  c lose  va lves  9 and 10 to  bypass  
2 
water s a t u r a t o r .  
5 .  Turn  off  water s a t u r a t o r   t e m p e r a t u r e   c o n t r o l l e r .  
6. Open a l l  oxygen  manifold  valves.  
7.  With r e c y c l e  pump running ,   decrease  power i n p u t  t o  e l e c t r o l y -  
sis u n i t   f u r n a c e .   R e g u l a t e   c o o l i n g   r a t e   t o  200 t o  250°C pe r  
hour.  A s  fu rnace   coo l s ,  CO w i l l  a u t o m a t i c a l l y   f e e d   i n t o   s y s -  
tem f r o m  p r e s s u r e  f a i l - s a f e  a p p a r a t u s .  
2 
8. When e l e c t r o l y s i s  u n i t  h a s  c o o l e d  t o  300"C, t u r n  o f f  power t o  
ca rbon  depos i t i on  r eac to r  hea te r .  
9. When 
wi th  
10.  Turn 
bo th  fu rnaces  a re  co ld ,  open  va lve  R and purge system 
co2. 
o f f  r e c y c l e  pump and vacuum pump. 
G . 3  Carbon  Scraping  Procedure 
1. Remove thermocouple   f rom  scraper   shaf t .  
2. Check carbon  depos i t ion   reac tor   ga te   va lve   pos i t ion .   Valve  
must be open (pushed in).  
3. Check v a l v e   1 2   i n   c a r b o n   j a r   d i s c h a r g e  l ine .  Valve  must  be 
open. 
4.  Check v a l v e  K i n  CO purge   l ine .   Valve  must be   c losed .  
5.  Loosen b ras s  nu t  o f  O- r ing  g l and  a roung  sc rape r  sha f t .  
6. Turn   o f f   Lab-Sta t   cont ro l le r ,  CO c o n t r o l   v a l v e   ( v a l v e  4 ) ,  
2 
2 
a n d  e l e c t r o l y s i s  c u r r e n t .  
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7. Stop   recyc le  pump. 
8. Rotate   scraper   (counterclockwise)   s lowly  one  complete   turn.  
Cont inue  counterc lockwise  ro ta t ion  and push scraper downward 
as f a r  as handle  w i l l  al low. 
9. L i f t  s c r a p e r  b a c k  t o  o r i g i n a l  p o s i t i o n .  
10. Hand t i g h t e n  b r a s s  n u t  of O-ring  gland. 
11. S t a r t  r e c y c l e  pump. 
12. Star t  e l e c t r o l y s i s   c u r r e n t  and  immediately  open CO c o n t r o l  2 
v a l v e  t o  a r ead ing  of 80 cclmin on CO mass flowmeter. 2 
13.  Turn  on  Lab-Stat   controller.  
1 4 .  Replace   thermocouple   in   sc raper   shaf t .  
15. Leak test O-r ing  g land  wi th  l iqu id  leak  de tec tor .  








8 .  
9.  
Close  ga t e  va lve  25 ( p u l l e d  o u t  p o s i t i o n ) .  
Close needle  valve 12.  
Unscrew  O-ring  glands a t  bot tom and top of  jar .  Remove j a r .  
Empty j a r  i n t o  weighed container .  
Clean r i m  of j a r  and reconnect to O-ring glands.  
Open v a l v e s  26 and K and purge j a r  w i t h  CO f o r  5  min a t  purge 
f lowmeter   set t ing  of   10.0.   Control   f low  with  valve 5. 
Close  va lves  K and 26 and open valve 12 .  
Open g a t e  v a l v e  25 (pushed i n  p o s i t i o n ) .  
Weigh carbon and r eco rd .  
2 
G . 5  Switch  Recycle Pumps 
To switch from pump A t o  pump B: 
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. ... 
1. Open valve 1 5 B  i n  bypass  loop of pump B o n e  t o  two t u r n s .  
2. S t a r t  pump B. 
3. Open valves 1 3 B  and 16B. 
4 .  Stop pump A. 
5. C lose   va lves  1 3 A  and 16A. 
6. Adjust  valve 15B t o  g i v e  a reading   of  12 .0  t o  14.0 on r e c y c l e  
flowmeter. 
7 .  Adjus t   r ecyc le   con t ro l   va lve   on   i n s t rumen t   pane l   t o   g ive   r ead ing  
of 10.0 on  flowmeter (1780 cc/min) .  
8. Open va lve  14B t o  a f t e r - f i l t e r  p r e s s u r e  g a u g e  a n d  c l o s e  valve 14A. 
G.6 C l e a n   F i l t e r s  
The p o r o u s  s t a i n l e s s  s t e e l  f i l t e r s  i n  i n l e t  l i n e s  of t he  pumps 
can  be  c l eaned  wi thou t  i n t e r rup t ing  oxygen production because only one 
pump i s  used a t  a time. The procedure is as fo l lows:  
1. Check v a l v e s  13, 1 4 ,  and 1 6  a s s o c i a t e d  w i t h  t h e  f i l t e r  t o  b e  
cleaned.  Valves  must  be  closed. 
2.  Remove f i l t e r  c a r t r i d g e  by  unscrewing  O-ring  gland a t  each  end. 
3 .  Back f l u s h  f i l t e r  w i t h  c a r b o n  d i o x i d e  a t  p r e s s u r e  of 20-30 l b .  
4.  Connect   car t r idge   back   in to   sys tem.  
5. Check o r i e n t a t i o n   o f   c a r t r i d g e .  Arrow  on s ide   mus t   po in t  down. 
G . 7  Clean  Coarse  F i l te r  and  Discharge  Line  of 
Carbon Deposit ion Reactor 
1. Turn   of f   Lab-Sta t   cont ro l le r ,  C02 c o n t r o l  valve 4 ,  and  e lec t ro-  
l y s i s  c u r r e n t .  
2. S top   recyc le  pump. 
3 .  Close   va lve  13 ( A  o r  B) t o  i s o l a t e  f i l t e r  a n d  r e c y c l e  pump. 
4 .  Unscrew two clean-out  plugs a t  bottom  and a t  s i d e  of f i l t e r .  
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5. Tap f i l t e r   t o   d i s c h a r g e   l o o s e   c a r b o n .  
6 .  I n s e r t  push-rod  through  s ide  c lean-out   opening  into  gas   dis-  
charge l ine  and push loose carbon back into reactor .  
7. Replace  c lean-out   plugs.  
8. Open va lve  13 and start r ecyc le  pump. 
9. S t a r t  e l e c t r o l y s i s   c u r r e n t  and  immediately,open CO c o n t r o l  
2 
va lve  4 t o  g i v e  a reading  of 80 ccfmin on mass flowmeter. 
10.   Turn  on  Lab-Stat   controller.  
11. Check r ecyc le  f low rate and a d j u s t  i f  n e c e s s a r y .  
12 .  Leak  check  clean-out  plugs.  
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APPFNDIX H - CONTINUED 
























METHODS OF CHEMICAL ANALYSIS 
1.1 Oxygen Product  
Water and CO were determined  by  absorption  and  weighing, 2 
using Stetser-Norton bulbs  f i l led with anhydrous magnesium perchlorate  
fo r  abso rb ing  water a n d  I n d i c a r b  ( F i s h e r  S c i e n t i f i c  Company) for  absorb-  
i ng  CO The abso rp t ion   bu lbs  were f lushed  with  dry  ni t rogen  and  weighed,  
and then were connec ted  to  the  oxygen d ischarge  l ine  ahead  of t h e  w e t  
t es t  meter w i t h  t h e  w a t e r  b u l b  f i r s t .  Oxygen was ?assed   th rough  the  
bu lbs  €o r  exac t ly  one  o r  two r e v o l u t i o n s  of t h e  w e t  test  meter. Af t e r  
a l l o w i n g  t h e  b u l b s  t o  c o o l ,  t h e y  were f lushed with ni t rogen and weighed.  
2 '  
Carbon  monoxide i n  t h e  oxygen was determined by infrared spectro-  
g r a p h i c  a n a l y s i s ,  u s i n g  a s p e c i a l  a b s o r p t i o n  c e l l  having a 10-meter path 
l eng th .  The c e l l  w a s  evacua ted  and  then  f i l l ed  wi th  oxygen  from  the 
breadboard system to a p r e s s u r e  o f ,  1 atm. The scanning speed was 80 wave 
nu?be r s / r<n  rmd t h e  r e s o l u t i o n  was 2 wave numbers. The in f r a red   spec t rum 
of an  oxygen  sample i s  shown i n  F i g .  11. 
Fig .  I1 - Infrared spectrum for  carbon monoxide 
a n a l y s i s  of oxygen sample 
I. 2 Hydrogen Product 
Water and CO were de termined  by  the  same procedure  descr ibed  
i n  S e c t i o n  1.1. The abso rp t ion  bu lbs  were placed i n  the  d i s c h a r g e  l i n e  
between  the vacuum pump and  the w e t  test  meter. CO was determined by 
mass spec t rometer .  
2 
1.3 Carbon  Product 
Carbon and hydrogen analyses were performed by Galbraith 
Laborator ies ,   Knoxvil le ,   Tennessee.  
I ron  ana lyses  were done  gravimet r ica l ly  by weighing 1 . 5  t o  
2 .0  grams of the  carbon sample  in to  a weighed  p la t inum cruc ib le ,  burn ing  
o f f  t h e  c a r b o n  i n  a i r  a t  a low t empera tu re ,  and  ign i t ing  a t  1000°C  under 
ox id i z ing   cond i t ions .  The r e s i d u e  was weighed as Fe 0 (Reference 20) .  
The e r r o r  d u e  t o  i m p u r i t i e s  in  t h e  s tee l  c a t a l y s t  i s  less than  1%. 
Before  sampl ing  the  carbon product ,  the  en t i re  ba tch  was passed through 
a 20-mesh screen and well  mixed. 
2 3  
1 . 4  Gas Sample C o l l e c t i o n  f o r  Mass Spec t rometr ic   Analys is  
A l l  of t h e  g a s  streams Were ana lyzed  pe r iod ica l ly  by mass 
spectrometer.   The  samples were c o l l e c t e d  i n  g l a s s  o r  s t a i n l e s s  s tee l  
b o t t l e s  t h a t  were p l a c e d  d i r e c t l y  i n  t h e  g a s  l i n e s  f o r  1 t o  2 hours .  
The recyc le  loop  was p rov ided  wi th  bypass  b ranches  be fo re  and  a f t e r  t he  
c a r b o n   d e p o s i t i o n   r e a c t o r   f o r   t h i s   p u r p o s e .  The sample   bo t t l e s  were 
purged with C 0 2  b e f o r e  p u t t i n g  ''on stream". 
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Out (1) as O2 = 126.5  cc/min 
Out (2) as C02 = 5.3 cc/min 
Out (3) a b  H20 = 1.1 cc/min 
Total  Out = 132.9 cc/min 
I n  (1) as H20 = 1/2 (56.9) = 28.5 cc/min 
In  (2) as C02 = 106.3 cc/min 
To ta l  In = 28.5 + 106.3 = 134.8 cc/min 
Difference  = -1.9 cclmin 
Deviat ion * 134.8 + 132.9 -1*9 x x 100 = -1.4% 
HYDROGEN 
Out (1) through Pd tubes 54.5 x 0.9 7 = 552.8 CC/min 
Out (2 )  i n  ca rbon  - ,005 X 74.2 X 25,300 = 3.3  cc/min 1440 x 2 
Out ( 3 )  as H20 = 2.2 cc/min 
To ta l  Out = 58.3 cc/min 
T o t a l  I n  = 56.9 cc/min 
Dif fe rence  = +l. 4 cc/min 
Devia t ion  - +1*4 x x 100 - +2.4% 58.3 + 56.9 
-154- 
APPENDIX K 
HEAT BALANCE  FOR  CARBON  DEPOSITION REACTOR 
A h e a t  b a l a n c e  f o r  t h e  c a r b o n  d e p o s i t i o n  r e a c t o r  of the  bread-  
board system was c a l c u l a t e d ,  u s i n g  d a t a  o b t a i n e d  on t h e  8 8 t h  d a y  o f  t h e  l i f e  
test .  The o b j e c t i v e  was t o  i d e n t i f y  t h e  m a j o r  s o u r c e s  o f  h e a t  loss and 
t o  c h e c k  t h e  t h e r m a l  c o n d u c t i v i t y  d a t a  f o r  t h e  i n s u l a t i o n  and metal p a r t s  
s o  tha t  hea t  l o s ses  fo r  l a rge r  sys t ems  can  be  e s t ima ted  wi th  conf idence .  
The fol lowing data  were recorded: 
1. Electrical power i n p u t  t o  r e a c t o r  h e a t e r s  
2. Gas f low rate and  composition 
3 .  Sur face   t empera tu re   o f   r eac to r  a t  150 l o c a t i o n s  
4 .  Tempera ture   ins ide   reac tor   th roughout   the   hea ted   zone .  
To measu re  the  su r face  t empera tu re ,  e igh t  1 /8 - in .  d i ame te r  
h o l e s  were d r i l l e d  v e r t i c a l l y  i n t o  t h e  i n s u l a t i o n  f r o m  t h e  t o p  i m m e d i a t e l y  
beh ind  the  ou te r  aluminum s h e l l  o f  t h e  r e a c t o r  ( s e e  S e c t i o n  4 ,  Fig .  10). 
Thermocouples were i n s e r t e d  i n  these  ho le s  and  the  t empera tu re  was 
measured a t  l - i n .  i n t e rva l s  f rom the  bo t tom to  the  top  o f  t he  r eac to r .  
Measurements were a l s o  made o f  t he  top  su r face  t empera tu re  by  con tac t ing  
t h e  s u r f a c e  w i t h  a bare ,  sh ie lded  thermocouple .  Tempera tures  ins ide  the  
r e a c t o r  were de termined  by  probing  the  hol low scraper  shaf t  wi th  a 
thermocouple. 
The  the rma l  conduc t iv i ty  va lues  used  in  ca l cu la t ing  the  hea t  
l o s ses  th rough  the  in su la t ion  and  metal p a r t s  o f  t h e  r e a c t o r  were: 
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Mean Thermal 
Temperature Conduct ivi ty ,  
Range, OF Btu-ft/hr-ft2-OF 
I Difference -27 (-5.52) I 
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APPENDIX L 
DATA SHEETS AND SCHEMATIC  DIAGRAMS  FOR C02 CONCENTRATION 
AND 02 GENERATION SYSTEElS FOR A 9-XAN 500-DAY MISSION 
AFTER HAMILTON  STANDARD ( R e f e r e n c e  1) 
-157- 
SUBSYSTEM: C02 &moval  mnd Concentration 
CONCEPT: S t e m  Desorbed  Resin 
FLIGHT  AVAILABILITY: 1976 
(1970 go-ahead) 
RELIABILII'Y: 0.990433 MTBF: 17000 h r  
Spares/Redundant (R) Units: 
1 - Ion Exchange Iiesin Ded 
S - F m  
4 - Diverter Valve, Solcnoid 
1 - Steam  Generator  
10 - Condcnser /Scmrator  
3 - T i m e r  
'.' - Solenoid Valvc, Shutoff 
2 - Comprcsso r  
2 - Water Regulator 
1 - Check Vnlvc 
CREW  TIME  (Hr/Mission):  ScheduledUnscheduled 
lti. 0 1 . 5  
EQUIVALENT  WEIGHT (Ib): Design 1 Design 2 Design 3 
ISola r Ce 11) pl;ur cc l l / l so topes )   p ray ton )  
Basic  Unit 2 ( 3  231 200 
Expendables 0 0 0 
Spares/Redundant  Units 231 "31 331 
Electr ical   Power 4 53 81 81 
Thermal  Power  0 62 0 
Radiator  Load 195  195  195 
I I 
Total  Equivalent  Weight 1148 
POWER (Watts): 
Electrical  











Installed Spares/Expendables Total 
18 ti 24 
L 1 









HEATING FLUID SYSTEM 
OR ELECTRIC c 
TAT P 7 
CO2  OUT c. 
BYPASS I 
( 
ACCUMULATOR SEPARATOR I 
1 
i 





TO  WATER SYSTEM 
I 
SUBSYSTEM: C 0 2  Removal and  Concentration 
CONCEPT: Molecular Sieve 
FLIGHT  AVAILABILITY: 1973 
(1970 go-ahead) . - 
RELIABILII'Y: 0.999578 MTBF: 10 500 hr 
Spares/Redundant (R) Units: 
2 - Molecular Sieve Canister 
2 - Silica  Gel  Canister 
1 - Heat Exchanger 
3 - Timer 
5 - Canister  Diverter Valve 
3 - Actuator 
2 - F a  
1 - Check Valve 
2 - Compressor 
2 - Solenoid Valve, 3-way, Coolant 
1 - Heater (Designs 2 and 3) 
2 - Heatcr  Controller 
2 - Solenoid Ellve, 3-way 
1 - Manual Divcrkr  Valve 
EQUIVALENT WEIGHT (Ib): 
Basic Unit 
Expendables 
Spares/Redundnnt  Units 
Electrical Power 
Thermal Power 
Radiator L a d  




Design 1 Design 2 
$Solar  Ce 11) /Solar  Cell/Isotopes) 




























VOLUME (ft3): Installed Spares/Expendables  Total 
28 9 37 











. .. . 
SUBSYSTEM: C02  Removal  nd  Concentration 
CONCEPT:  Hydrogen  Depolarized  Cell 
FLIGHT  AVAILABILITY: 1978 
(1970 go-ahead) 
RELIABILITY: 0.999623 MTBF: 4 t i O O  h r  
Spares/Redundant (R) Units: 
1 - C02 Concentrator 
2 - Power  Converter 
2 - Compressor  
9 - Condenser/Separator 
2 - Water  Regulator 
1 - Check  Valve 
1 - Diverter  Valve 
CREW TIME (Hr/Mission): 
3 - Fan 
1 - Temp  Conditioner 
1 - H2 Iicgulator 
1 - 0 2  Regulator 
1 - Walcr  Pump 




EQUIVALENT  WEIGHT  (lb): 
Basic  Unit 
Expendables 
Spares/Redundant  Units 
Electr ical   Power 
Thermal  Power  
Radiator L a d  





































VOLUME (ft3): Installed  Spares/Expen abIes  Total 
51 ti 57 
















4 COOLANT I 
I 
I TO 
HUMIDITY - I - I 
CONTROL 










L - - - - - - - - CONTROL - - - - 
I 
I 
r----- t I CONDENSER "-* Hz0 SEPARATOR cooLANT 
CO2 + Hz OUT - ACCUMULATOR 
W PURGE OVERBOARD 
I 
SUBSYSTEM: COS Removal and Conccntration 
CONCEPT: Carbonation  Cell 
FLIGHT  AVAILABILITY: 1979 
(1970 go-ahead) 
IIELIABILII’Y: 0.999ti41 MTBF: 3900 hr 
Spares/Redundant (X) Units: 
1 - Basic 2- Fan 
1 - Acidic Cell 1-Wntcr  Vapor  Exchanger 
1 - Electrochemical S c n l t h r  2-Chcck  Valve 
4 -Rcy ln to r  (2  each typc) 
2- Polvcr Supply 
(i-Condenscr-Sc[)nrator 
2-Comprcssor 
CREW TIME  (Hr/Mission): Schedu1c.d Unscheduled 
8.0 7.7 
EQUIVALENT  WEIGHT (lb): Design 1 Design 2 Design 3 
jSolar Cell) $Solar CcIl/Isotopc?s)  IBrayton) 
Basic  Unit 3-1 1 341 34 1 
Expendables 0 0 0 
Spares/Rcdundant  Units 312 312 
Electrical Power 
312 
82 6 825  825 
Thermal   Power I) 0 0 
Radiator  Load 250 “50 250 
Total Equivalent  Weight 1728 1728  1728 
POWER (Watts): 
Electrical  1832  1833 
Thermal  
1833 
0 0 0 
VOLUME (ft3): Installed  Spares/Expen abIcs Total 
19 7 2G 
Fig. L4 - Carbonation  cell  concept 
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+ FROM WATER 
SUPPLY 
I 
c 9 2  OUT / ACCUMULATOR 
W 






I H20  COOLANT 
TO  WATER 
S Y S T E M  
CONTROL  SYSTEM FOR CELL  SCRUBBER  HUMIDITY  CONTROL AND COOLING 
SUBSYSTEM: O2 Generatio1dC02 Control 
CONCEPT: Solid  Electrolyte/Steam  Desorbed  Resin  Concentrator 
FLIGHT AVAILABILITY: 1979 
(1970  go-ahead) 
RELIABILITY: 0.999106 MTBF:  3480 h r  
(includes  C02  concentrator) 
Spares/Redundant (R) Units: 
5-R-Standby Solid  Electrolyte  2 - Master  Control 1 - Hydrogen  Separato 
2 - CO2 Inlet  Regulator 1 - Heat Exchanger 
2 - Check VaIve 3 - 4-way VaIve 
Expendables: 1 - Humidifier 1 - Catalyst  Cartridge 
50 catalyst   cartridg2s 2 - Solenoid  Valve 1 - Catalyst  Reactor 
2 - Heater Control 2 - Compressor 
NOTE: Spares list does not include CO2 Concentrator. See individual data sheets. 
CREW TIME  (Hr/Mission):  Scheduled  Un cheduled 
126.8  8.4 
EQUIVALENT WEIGHT (lb): 
Basic Unit 
Expendables 
Spares/Redundant  Units 
Electrical Power 
Thermal  Power 
Radiator  Load 





































~~ ~ -~ 
VOLUME (ft3): Installed  Spares/Expen ables  Total 
24 9 99 150 






1. Hamilton  Standard  Division  of  United  Aircraft   Corporation:  Trade- 
Off Study and Conceptual Designs of Regenerative Advanced L i f e  
Support  Systems (AILSS). NASA-CRl458 (Jan. 1970). 
2. 
3. 







El ikan ,  L. , D. H. Archer,  R. L. Zahradnik:  Aerospace  Life  Support ,  
L. E l ikan ,  Ed i to r ,  American I n s t .  of Chem. Eng., NeFJ York (1966), 
pp. 30-37. 
E l ikan ,  L. and J .  P. Morris : S o l i d  E l e c t r o l y t e  S y s t e m  f o r  Oxygen 
Regeneration. NASA CR-1359 (June  1969).  
Chandler, .H. TJ. and IJ. Oser: AMRL-TDR-62-16 (1962). 
Chandler, H. W. : AMRL-TDR-64-62  (May 1964). 
Chandler, N. W. 'and F. Z .  Pol lara:   Aerospace  Life   Support .  
L .  E l i k a n ,  E d i t o r ,  American I n s t .  o f  Chem. Eng., New York  (1966) 
pp. 38-42. 
Weissbart ,  3 .  and W. H. Smart: NASA  CR-680 (February  1967). 
Weissbart ,  J. and W. H. Smart: A Two-Cell 8-Ampere C02-H20 So l id  
E l e c t r o l y t e  E l e c t r o l y z e r  f o r  Oxygen Production.  Presented a t  F a l l  
Meeting, The Electrochem. SOC. , Atlant ic  C i ty ,  New Jersey (October  
1970). 
Smart, W. and J. Weissbart:  A 127-Ampere CO -H 0 Solid Oxide Elec- 
trolyzer-Reactor  System  €or  Production of Oxygen. Presented a t  
Fa l l  Meet ing ,  The Electrochem. SOC. , A t l a n t i c  C i t y  , New Je r sey  
(October  19  70). 
Waldschmidt, E . ,  Metall, - 8 (1954) pp. 749-58. 
2 2  
11. Tepper, F. e t  a l :  Development  of a Regenerable  Carbon  Dioxide 
Removal System. NASA Contractor  Report  No. 66571  (January  1968). 
12. Martin,  R. B.  and H. F. Brose: An Amine Polymer C02 Concentrator  
f o r  t h e  90-Day LRC/MDAC Manned Chamber Test. Presented a t  Space 
Technology and Heat Transfer Conference, Am. SOC. of Mechanical 













ICFraly, R. J. , A. D. Babinsky  and J. D. Powell: Aircrew Oxygen 
System Development Flight Breadboard System Flight and Environmen- 
tal Tests. NASA CR-73393 (April   1970).  
Macklin, M. : Electrochemical Concentration of Carbon Dioxide. 
Presented a t  Symposium on N e ~ 7  Developments i n  Aerospace Life 
Support - P a r t  11, Am. I n s t .  Chemical Eng. , Houston (February 1965). 
Sverdrup, E. F. e t  a l :  Test ing  of   Electrodes  for  High-Temperature 
Sol id  Elec t ro ly te  Fuel  Cells. Hydrocarbon  Fuel Cell Technology. 
Academic Press ,  New York (1965)  pp. 311-333. 
Popma, D. C .  and V. G. Collins:   Space  Vehicle Water Reclamation 
Systems - A Status  Report .   Aerospace  Life  Support .  L. El ikan,  
Edi tor ,  American Ins t .  o f  Chem. Eng. , New York (1966) pp. 1-9. 
Sverdrup, E. ,. e t  al: Fina l  Repor t  Pro jec t  Fue l  Cell, OCR Research 
and  Development Report No. 57,  Government P r i n t i n g  O f f i c e  Cat. No. 
I63.10:57  (1970)  pp. 258-264. 
Coughlin, James P . :  Cont r ibu t ions  to  the  Data on T h e o r e t i c a l  
Metallurgy, X I I .  Heats, and  Free  Energies  of  Formation  of  Inor- 
ganic  Oxides.  Bur. Mines Bull .  542  (1954). 
Hunter, J. P.:. Ul t rapure Hydrogen  by Diffusion Through Palladium 
Alloys.  Presented at Symposium on the Production of Hydrogen, Am. 
Chem. SOC. , Net7 York (1963). 
Hil lebrand,  1.7. F., G. E.  F. Lundel l ,  H. A.  Bright ,  and J. I. Hoffman: 
Applied Inorganic Analysis , 2nd Ed. John  Wley  & Sons , Net7 York 
(1953)  p.  390. 
Engineer ing Propert ies  of Inconel  Alloy 600.  Huntington  Alloy 
Products  Divis ion , The In t e rna t iona l  N icke l  Company, Technical  
Bul l .  T-7 (1964) p. 5. 
Prope r t i e s  and  Se lec t ion  o f  Metals. Metals Handbook, Vol. 1, 8 t h  
Ed., Americal Soc ie ty  fo r  Metals, Metals Park, Ohio  (1961)  p.  1033. 
Kelley,  K. K. : Cont r ibu t ions  to  the  Data on Theoret ical  Metal lurgy,  
XIII. High-Temperature  Heat-Content, Heat Capacity,  and  Entropy 
Data for the Elements and Inorganic Compounds. Bur. Mines B u l l .  
584 (1960) . 
“5 
-169- 
